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I. INTRODUCTION

Polyacetylene is the first conjugated polymer that was found (in 1977) to
show high electrical conductivity upon doping with iodine, AsF5, sodium, etc.
[1,2]. During the following decade the conductivity improved three orders of
magnitude: a recent value is 1.7 X 105 Scm_1 (S = Q_l) exceeding that of
cobalt. Many other doped polymers have turned out to be conductive, in-
cluding polythiophene, polypyrrole, polypara-phenylene, polypara-phenylene-
sulfide, polypara-phenylenevinylene, etc. [3]. Among them, polyaniline is
the first commercialized conducting polymer (September, 1987) as the positive
electrode of a rechargeable battery. Since doping is essentially transfer of
electrons from or to the polymer leaving mobile charges on it, a drastic
spectroscopic change is observed upon doping, concomitant with an increase
of electrical conductivity by many orders of magnitude. It is not proper to
simply correlate the conductivity, a macroscopic property, with the spec-
troscopic observations which are merely manifestations of electronic and
nuclear configurations of individual polymer molecules. This can be easily
understood if one looks at the electron micrographs of polyacetylene (Fig. 1).
A film consists of fibrils of about 200 AO diameter entangled with one another
like spaghetti, and the overall conductivity must be a function of intra-
polymer conductivity, inter-polymer conductivity within each fibril, and
inter-fibril conductivity, the last being the determinant. (In fact, the well-
aligned film (Fig. 1b) conducts electricity much better than the spaghetti-like
film (Fig. 1a) upon doping.) However, there do exist some correlations
between the vibrational spectra of undoped precursor polymers and the
electrical property after doping them. For instance, in Fig. 2 are shown the
infrared spectra of two films of trans-polyacetylene obtained from the same
cis-polyacetylene film through different thermal isomerization processes. The
spectra may look similar to each other, but there are some differences
between them, e.g., the shapes and intensities of the bands around 1630-1460
cm_1 and 2900 cm—l, and from such differences it is possible to predict with
reason that film A would show an electrical conductivity much higher than
that of film B upon maximum doping. The prediction is possible if one
interprets the vibrational spectra properly. It must be noted that the
structure and property of the polymers depend very much on the synthetic
conditions and the treatments after the syntheses, and that contradicting
conclusions obtained by different physico-chemical methods or even by the
same method from different studies have often turned out to be due to the
difference in the samples.
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FIG. 1. Scanning electron micrographs of polyacetylene and possible
carrier transport. (a) As-polymerized film (ZNS method), (b) as-polymerized
oriented film on oriented liquid crystal, and (c) scheme of electrical con-
duction: a, intra-molecular transport; b, inter-molecular transport; c,
inter-fibrillar transport. (Figures la and b, courtesy of Professor H.
Shirakawa, University of Tsukuba.)

In this chapter, vibrational spectra and their interpretations are des-
cribed on polyacetylene in detail because this polymer has been studied most
extensively and yet there have been various arguments concerning the
interpretations. Polythiophene is a conjugated heterocyclic polymer which
becomes a radical cation and/or dication upon doping. The vibrational
spectra are analyzed by comparing the data with those of isotopically sub-
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FIG. 2. Infrared spectra of two trans-polyacetylene films obtained from
the same cis-polyacetylene through different thermal isomerization processes.
(a) Film A (isomerization condition; 190°C, 15 min.) and (b) Film B (230°C,
180 min. ).

stituted analogs and model compounds, and the electrical property is dis-
cussed in relation to the structure. Vibrations arising from the dication and
radical cation are clearly observed for doped polypyrrole, and the optical
absorption spectra are assigned on the basis of the resonance Raman
characteristics.  Polyaniline takes various forms by acid/base treatment,
reduction/oxidation, and the combinations. The structures determined by
vibrational analyses are shown and the relation between structure and
electrical conductivity is explained. Spectroscopic studies on some other
polymers including polypara-phenylene are reviewed briefly.

II. POLYACETYLENE

Polyacetylene [poly(vinylene), (CH=CH)X, or (CH)X] is the simplest
conjugated polymer with the structural unit consisting of one carbon and one
hydrogen. Film of polyacetylene is instantaneously developed on the surface
of concentrated solution of Ti(O—n-Bu)4—AlEt3 (a Ziegler-Natta catalyst),
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FIG. 3. Three possible planar structures of polyacetylene.

e.g., on the inside wall of a flask wetted with the solution, when gaseous
acetylene is introduced to the system [4,5]. [Ziegler-Natta-Shirakawa (ZNS)
method. Hereafter, the physical and chemical properties of ZNS films are
described unless otherwise mentioned.] By low-temperature polymerization
(-78°C) a film consisting mainly (85-90%) of a thermally unstable configura-
tion around the double bond is obtained [4,5] and the unstable form is
converted to a thermally stable form through heat treatment [6]. The latter
is the trans-transoid (to be termed trans) structure (Fig. 3) on the basis of

two very strong infrared bands at 3012 and 1012 cm_1 assignable respectively
to the CH antisymmetric stretch and the CH out-of-plane bend of the trans
-C=C- double bond [5]. The structure of the unstable form has been
concluded to be cis-transoid (cis) since one C=C double bond stretching band
is observed in the Raman spectrum as expected for this structure [7].
( Trans-cisoid would give two such bands.) Polyacetylene does not melt nor
is soluble in any solvent. The chain length in terms of the number of double
bonds determined by indirect methods on modified (hydrogenated [8,9] or
chlorinated [10-12]) polyacetylene is reported to be 200-400. It is 2-3 times
14(3 labelling method is used [13-16].

The macroscopic structural unit of polyacetylene is a crystalline fibril of
200-1000 X diameter [4,17-21] (1000 AO for material by liquid crystal poly-
merization under magnetic field [21]). The bulk density obtained from the

larger when 3H or
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FIG. 4. Optical absorption spectra of intact and doped polyacetylenes.
(a) trans-polyacetylene, (b) cis-polyacetylene, (c) iodine-doped trans-
polyacetylene (the broad_absorption in the visible-ultraviolet region being due
to polyiodides, Is , (Is )_, Is , etc. as are evident by resonance Raman
scattering from the specieXs), (d) AsFg-doped trans-polyacetylene, and (e)
Sog-doped trans-polyacetylene. Used by permission, Ref. [62].

dimensions and weight of the films is in the range 0.3-0.6 gcm_3 compared
with 1.154 gcm_3 obtained by the floating technique, indicating that the films
are porous [22]. The microcrystallinity can be high (>80% [23]) depending
on the catalyst used. Cis film can be stretched by 3 - 3.5 times through
thermo-mechanical stretching to give uniaxially oriented trans film [18]. The
molecular axis also is oriented along the fibril axis as evidenced by the
electrical [19], optical [24], and magnetic [25,26] anisotropy. Oriented films
can be obtained by Meyer's method [27], Durham-route [28-30], epitaxial
polymerization [31-33], and the liquid crystal method [21,34-37].

The crystal structure has been studied by X-ray [20,38-42], electron
[11,31,33,43-49], and neutron [50,51] diffraction: for example, cis form,
orthorhombic (ana) with a = 7.61, b = 4.47 (molecular axis), and ¢ = 4.39 é
[38]; and trans form, monoclinic (P21/n) with a = 4.24, b = 7.32, ¢ = 2.46 A
(molecular axis), and B = 91.5° [20,4(())] (ZNS material) or monoclinic (PZl/a)
with a = 4.18, b = 7.34, ¢ = 2.455 A, and B = 90.5° [42] (highly oriented
Durham material). The difference in the lengths of the single and double
bondsoin the trans form is 0.06 AO [20,040] or 0.09 K (rC:C = 1.36 and Loy =
1.45 A [25]). A similar value, 0.08 A, has been obtained by a nutation NMR
130 labelled sample [52]. It must be noted that bond
alternation persists even in very long polyene chains.

spectroscopic study on
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The n-n* absorption spectrum of thin trans film (Fig. 4) ranges from red
ot
(675

nm)]. The peak wavenumber and the band shape depend on the isomerization

to ultraviolet without vibrational fine structures [Amax = 14,800 cm

conditions. In polyene molecules, the optical absorption is known to have
vibronic fine structures and to show systematic bathochromic shifts as the
number of conjugated double bonds (NC:C) increases [53]. Since the transi-
tion energy converges to a constant value as NC=C reaches a certain high
value, estimation of NC=C for a long polymer from the absorption maximum is
impracticable. However, if the mean Noo value in the trans film is high,
the vibrational fine structure would be observed because of the convergent
nature. The broad structureless absorption is indicative of the presence of
chains of shorter conjugation lengths absorbing at higher energy and washing
out the vibrational structure. In fact, the reflection spectrum of carefully
isomerized thick film exhibits two peaks at 12,000 cm_1 (833 nm) and 13,000
cmnl, indicating that the film is composed largely of chains of effectively
"infinite" conjugation length [54].

As-prepared thin cis film, on the other hand, gives the absorption
spectrum with three peaks whose frequencies and relative intensities are
reported differently depending on synthetic conditions (Fig. 4). The value
of the first maximum for low-temperature ZNS material at 16,830 cm-1 (594
nm) is lower than that for Luttinger material (16,950 cm_l), implying a
slightly longer chain length for the former [55]. The relatively well-resolved
vibrational structure indicates a high mean value of NC=C and the absence of
low NC=C sequences in the cis-rich films. The reflection spectrum of thick
cis film is similar in shape to the absorption spectrum of the thin cis film
[54]. One reason for the different behavior of thin and thick trans films has
been ascribed to a difference in diameter of the fibril making up the film (100
A versus 800 A) [54]. It has been suggested that the formation of conjuga-
tion length limiting chemical defects during cis > trans isomerization is more
likely in the structurally disordered surface region of the fibril [54].

Since CH bonds in the trans and cis parts in polyacetylene give strong
infrared CH out-of-plane bending bands at characteristic frequencies, the
intensities are useful in estimating the contents of the trans and cis parts in
a film [4,56,57]. In the Raman spectrum of trans-polyacetylene two strong
bands are observed (in the 1590-1450 and 1150-1050 cm_1 region) whose
frequencies and shapes depend on the excitation wavelength [58-66], though

such behavior is not observed for cis-polyacetylene [58-64,67]. Studies on
trans oligoenes have indicated that these frequencies reflect the number of
conjugated trans double bonds [58,68-70], and equations expressing the
relationship between them have been obtained [60,61,70,71]. The Raman
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spectral behavior is a result of coexistence of segments of various conjugation
lengths: a very long segment gives rise to resonance Raman peaks at low
frequencies with red light excitation and a shorter segment gives rise to
those at higher frequencies with excitation at a shorter wavelength.

According to ESR studies, neutral radicals are detectable in trans-
polyacetylene [72-74] but not in cis-polyacetylene [75-77]. These radicals
are mobile [78-80]. They are called "phase kink", "domain wall", or "neutral
soliton" [81-84] (see below).

Excited states of trans- and cis-polyacetylenes have been studied by
absorption spectroscopy from the visible to infrared region [85-95] and ESR
[96-98] with laser excitation.

Room temperature conductivities of undoped cis- and trans-polyacetylenes

9 and 107° Scm_l, respectively [74]. Upon doping, the conductivity
increases by orders of magnitude: stretched ZNS material, 103 Scm_1 at 'y =
0.1 for [(CH)1'37A_:)7]X or [(CH)—yDer]X where A and D stand for acceptor

and donor, respectively [19]; material by liquid crystal polymerization under
1 5 1

are 10~

magnetic field, 10% sem” Sem”
[99].

The temperature dependence of conductivity shows an activation energy

[21,37]; and Naarmann polymer, 1.7 x 10

even at a heavily doped state [100]. However, small thermopower and its
temperature dependence [101-103], appearance of Pauli susceptibility
[104-106], and optical absorption and reflection [107-111] have suggested that
the individual segments are metallic at the heavily doped state.

X-ray diffraction studies of iodine-doped films have indicated the inter-
calation of iodine species (13_ and/or 15—) [46,112,113]. In alkali-metal doped
polyacetylene, alkali metals except lithium (Na, K, Rb, and Cs) are reported
to be present in channels [114].

Acceptor-doping induces three characteristic absorptions in the infrared
region for trans- and cis-polyacetylenes [62,115-118]. Similar spectral
patterns with different peak frequencies are observed for donor-doped
polyacetylenes [119,120]. Since these spectral patterns are quite different
from those of pristine films, drastic changes in chain structure occur upon
doping. Raman spectra of polyacetylenes doped heavily with acceptors
[61,62] or donors [121-126] are also different from those of pristine poly-
acetylenes. These observations can be interpreted by the formation of
charged domains whose structure is significantly different from those of
neutral chains. Possible species of charged domains are cations (or charged
solitons by physicists) and radical cations (polarons), or anions (charged
solitons) and radical anions (polarons). The cis configuration is transformed
to trans configuration upon doping [119,127-132].
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FIG. 5. Notations of neutral and doped trans-polyenes.

ESR studies of doped polyacetylenes are discussed from the viewpoint of
soliton doping [105] and other mechanisms [133] and they are controversial.

It may be appropriate to compare here the structural notations by
physicists and chemists. The majority of the polymers in a neutral trans film
take the structure shown in Fig. 5a. Each polymer contains 200 - 1200
double bonds and the bond alternation persists even in such a long polyene
as suggested by the diffraction and NMR results. The terminal groups are
most likely CHSCHZ— from the catalyst, —CH=CH2, and -C=CH. Not all the
double bonds are conjugated from one end to the other end of a polymer
chain but the conjugation is interrupted by some reasons like distortion of the
single or double bond, remaining cis bond, a hydrogenated carbon, an
oxidized carbon, a cross link, etc., to yield segments of various conjugation
lengths as proven by Raman observations. Each segment like the one shown
in Fig. 5a contains 2NC=C n electrons. When this segment is doped by an
electron acceptor, one electron is removed from the segment and it becomes a
radical cation (Fig. 5b). This species is called a polaron by physicists. The
remaining unpaired electron is not localized at the carbon near which the
acceptor exists, but can be delocalized among nearby carbons up to 15 if the
size of the segment is beyond that. If it is doped by an electron donor, it
becomes a radical anion (a polaron). As the doping continues, a long
segment is doped at many sites and two nearby radical cations may combine to
form a cation pair (a charged soliton pair) while some radical cations may
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remain as they are, depending on the micro-environmental conditions. By
some unusual reasons, a segment may contain odd number electrons (a neutral
radical, Fig. 54). This minor species, called a neutral soliton by physicists,
forms a domain wall consisting of about 15 carbons which is considered to
give the ESR signal in pristine trans-polyacetylene. Since the neutral radical
is very unstable, this would become one of the first targets by the dopants.
Then it becomes a cation (Fig. 5e, a charged soliton) or an anion (Fig. 5f)
and may contribute to an increase in electrical conductivity at the beginning

of doping.

A. trans-Polyacetylene

In order to analyze the vibrational spectra of trans-polyacetylene, we

first consider an infinite trans planar zig-zag polyene. Such a polymer
belongs to a factor group isomorphous to Czh point group and five Raman
active and three infrared active vibrations are expected to be observed. The
basis modes belonging to the symmetry species are: Ag’ 51 (C=C stretch),
S9 (C-C stretch), Sg (CH in-plane bend), and 11 (CH stretch); Bg’ Sg (CH
out-of-plane bend) and 510 (the acoustic mode due to rotation around the
molecular long axis, z); Au’ Sq (CH out-of-plane bend) and Sq (the acoustic
mode due to translation along the axis y, perpendicular to the molecular
plane); Bu, Sy (CH in-plane bend), 519 (CH stretch), Sg (the acoustic mode
due to translation along z), and Sg (the acoustic mode due to translation
along the in-plane x axis). The \)i's are used for normal modes which are

the coupled modes of si’s belonging to the same symmetry species.

1s Raman Spectra

Raman spectra of trans film with excitation at three wavelengths are
shown in Fig. 6 [62]. The bands at 1462, 1292, and 1072 cm—1 with 647.1 nm
excitation are termed Vi Vo, and vg in that order. The frequency shifts
upon 13C and deuterium substitution [A\)(lSC) and Av(D)] are, -27 and -105
em™L for v,, -35 and -92 em™! for vy, and -25 and -224 em™ ! for vg. On this
basis, they are roughly the C=C stretch, the C-C stretch and a mixed mode
of the CH in-plane bend and the C=C stretch, correspondingly (see Sec.
II1.A.3). The assignment of vy and Vg to the in-plane Ag mode is supported
by the polarized Raman spectral measurements on highly stretch-oriented films
[134,135]. Since the trans film is black and absorbs red through ultraviolet,
we are observing the resonance Raman spectra at the three wavelengths (Fig.

6). Apparently, the spectra are considerably different from one another,
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FIG. 6. Raman spectra of a thick trans-polyacetylene film excited at (a)
647.1 nm, (b) 488.0 nm, and (c) 350.7 nm. Used by permission, Ref. [62].

which can not be explained if the film is composed solely of infinitely long
trans polyene because only four Raman active in-phase modes are expected in
the frequency region.

Besides polyacetylene, there are many molecules in nature which contain
trans polyenes and their vibrational spectra have been studied. Raman
spectra of some of them are shown in Fig. 7. Amphotericin B is an antibiotic
macrocyclic molecule containing seven conjugated double bonds with the
absorption maximum at 414 nm [136]. With 514.5 nm excitation the Raman
bands of the conjugated part are far more stronger than those of the other
part of the molecule because the visible absorption arises from a mn-n*
transition in the conjugated part and vibrations in that part are preresonantly
enhanced. The spectral pattern (Fig. 7a) is similar to that of trans-poly-
acetylene with red light excitation (Fig. 7d) except the different peak
frequencies of the major two bands, vy and Vg Desmethyl B-carotene
contains nine trans conjugated double bonds with the absorption maximum at

455 nm and the Raman pattern (Fig. 7c) [137] is similar to those of
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tericin B (514.5 nm excitation)
1157 [136], (b) B-carotene (488.0 nm),
(¢) desmethyl B-carotene (488.0
nm) [137], and (d) trans-poly-
acetylene (647.1 nm) [62].

Intensity
(@)

1131

J

1072

1462
1292
1

1

1500 1000

vaenumber/cm'l

amphotericin B and trans-polyacetylene (Fig. 7d) except that the vy and Vg
frequencies are between those of the two. The v, frequencies are almost
constant for the three. In B-carotene (}\max = 475 nm), the vibrations of the
methyl groups attached to the polyene chain couple more with the g and 54
modes than with the s
peak (Fig. 7b).

What will be observed if one mixes amphotericin B with p-carotene? In

1 mode causing an upshift of Vg and obscuring the vy

short, Raman spectra of the mixture depend not only on the composition but
also on the excitation wavelength (Fig. 8) because the resonance or pre-
resonance Raman intensities depend significantly on the excitation wavelength.
It is to be noted that the vy
B-carotene is greater with 632.8 nm excitation (Fig. 8d) than with 514.5 nm
excitation (Fig. 8c right). This is because the excitation wavelength 632.8

band of amphotericin B relative to that of

nm is far enough from the absorption maxima of both molecules to diminish the

difference in the preresonance effects for the two.
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a (457.9 nm)
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FIG. 8. Raman spectra of mix-
tures of pB-carotene and ampho-
b (488.0 nm) c tericin B in the ratio of 1/36
A (left) and 1/5.4 (right) excited at
C A (a) 457.9 nm, (b) 488.0 nm, (c)
- 514.5 nm, and (d) 632.8 nm. A
= and C indicate the v; peaks of
?,C (514.5 nm) amphotericin B and p-carotene,
2 respectively.
d (632.8 nm)
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The Raman spectra of polyacetylene can be explained in a similar
manner. A film consists of wvarious chromophores, i.e., various polyene
segments, and the Raman spectral pattern depends on the composition of the
chromophores and the excitation wavelength. In Fig. 6c the peaks at 1466
and 1075 cm™!
condition because of their high contents in the film.

due to long segments are observed even at a far off resonant

It is worth mentioning that the hot luminescence model makes no significant
contribution to this wvariation in the Raman bandshapes with the excitation
wavelength as evident by the anti-Stokes spectrum which is the mirror
image of the Stokes spectrum contrary to the expectation from the hot
luminescence model [138,139].

Raman spectra of many conjugated molecules have been studied and
c=C’ 1 39 and the
wavelength of absorption maximum [58,68-70]. In Fig. 9 the v, and Vg

1
frequencies are plotted against (NC=C + 1)_1 [70]. (In general, strong

correlations are known among N the frequencies of v, and v

infrared or Raman bands of a long straight-chain molecule composed of
translational repeating units are attributable to the vibrations with the
smallest phase difference [140,141]. In the present case, the repeating
unit is a conjugated C=C bond and the smallest phase difference is
(N
(N

+ 1)—1.) A linear relationship between the vy frequency and

G 9
+ 1) ~ holds for NC=C > 4, viz.,

Cc=C

1

vl(cm-l) = 1454 + AN + D7, (N > 9, ¢))

Cc=C
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FIG. 9. NC=C - v relationships. (a) Relation between v; and
(Nc=c + 1)-1. Thé& Straight line represents Eq. (1). (b) Relation between
vy and (Ng=c + 1)-1. Curve A represents Eq. (2): curve A' for

C,H;COO-(CH=CH)_-COOC,H;5, (n=1-4); curve B, isoprenoid; curve C, data

of 1,3-butadiene,  1,3,5-hexatriene, and 1,3,5,7-octatetraene. Used by
permission, Ref. [70].
where A = 727 (standard deviation is 12). This relation is good for

isoprenoids as well as for polyvinylenes. On the other hand, the series of 2
frequencies of isoprenoid compounds (curve B in Fig. 9) is different from
that of polyvinylenes (curve A). This is because the coupling of the CH

in-plane bend and the C=C stretch in polyenes without side chains is

disrupted by methyl substitution in the isoprenoid compounds. Curve A is
expressed in the following form:
_1 _ _1 5
vglem™™) = 1060 + B(N_ + 1) +1) %, (No_ 2 6), 2
where B = 1020 (100) and C = -2910 (810) [70].
By using Eq. (1) conjugation lengths of the segments in polyacetylene
In Fig. 6 the peak at 1587 cm_l
four conjugated double bonds absorbing ultraviolet light (350.7 nm), that at
1492 cm_1 from those of eighteen conjugated double bonds absorbing blue

light (488.0 nm), and that at 1462 cm-1

can be estimated. arises from segments of

from those of about ninety conjugated
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double bonds absorbing red light (647.1 nm). (It must be mentioned here
that the spectra in Fig. 6 were taken in the early days (1979) when the
optimum thermal isomerization condition was not established yet. Films with
the vy frequency of 1454 cm_1 with 632.8 nm excitation can be obtained now.)
Similar figures are estimated from Eq. (2). The peak frequencies are
different for slightly different excitation wavelengths, indicating coexistence
of segments of various conjugation lengths. The presence of short segments
does not necessarily mean the presence of polyenes of small molecular
weights. They must be parts of long polymers connected by certain breaks
of conjugation, like a twisted double or single bond, sp3 carbons, etc.

However, the Raman spectra must be interpreted as an overlap of
excitation wavelength-sensitive Raman spectra of wvarious polyenes whose
compositions depend on the preparation conditions. Then the selection rule
for the finite trans polyenes (point group CZh if the polyenes are planar with
the inversion symmetry) must be applied in assigning the vibrational bands.
The modes corresponding to the acoustic modes in infinite polyene have some
finite frequencies and any gerade or ungerade mode is Raman or infrared
1> Voo and vy are
observed clearly in high gain spectra as illustrated in Fig. 10. Assignments

active, respectively. In fact, weak bands in addition to v

of these weak bands including the v, fundamental (in infinite polyene

8
approximation) will be shown in Sec. II.A.3 and II.A.4.

2. Infrared Spectra

The infrared spectrum of a thin trans film is dominated by two peaks at
3012 (\)12, CH antisym. str., Av(lgc) = -11 cm-l, Av(D) = -793 cmul)
and 1012 cm”L (v;, CH out-of-plane bend, A\)(lsc) = -2 cm-l, Av(D) = -266
cm_l). Many weak bands are observed for thick films (Fig. 2) and the
shapes and intensities of some bands are different for different films as
mentioned in the introduction. Most of them (except the bands due to defects
and impurities) must arise from vibrations in segments of finite lengths. In
interpreting these spectral observations, knowledge on frequency dispersion
of each vibrational branch (in infinite chain) is useful and for such purpose
it is necessary to obtain a suitable force field applicable generally to short as
well as long trans polyene chains. Assignments of the observed bands
including the vy fundamental (in infinite polyene) will be shown in Sec.
II.A.3 and IT.A.4.
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3. Normal Vibrations

Several model calculations have been reported of the frequency dis-
persion curves for the in-plane vibrations in the infinite polyene chain
[143-147]. Here, however, are shown the results by Takeuchi et al. in some
detail [142,148-150].

Normal coordinate calculations have been performed for the in-plane

[149] and out-of-plane [142] vibrations of several trans-polyene chains from

butadiene to polyacetylene. The force field finally obtained consists of short
range forces, which are primarily determined by the frequency data on small
molecules, and long range interactions which are important in explaining the
data on polyacetylene. The long range interactions between the C=C
stretching coordinates are known to be important in the sp2 n-electron
conjugated system like benzene [151,152] and those as far as the fifth
neighbor have turned out to have significant effects on the dynamical
properties of the infinite polyene chain [149]. Some force constants related
to the CC stretching coordinates are listed in Table 1 together with those of
polyethylene and benzene.

The calculated 6§ = 0 frequencies (6§ being phase difference) below 2000
cm_1 of the infinite polyene chain are compared with experimental frequencies
of polyacetylene in Table 2. Here, the infrared band at 1250 cm_1 and the
Raman band at 884 cm_1 are assigned to v, and v, based on the isotopic

4 8
shifts consistent with the calculated. The normal modes of Vis Vg and vg are
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TABLE 1
CC Stretching Force Constants of Polyethylene, Benzene, and Polyvinylenes

Molecule Ref. Coordinate? Value (md/ X)
Polyethylene [153] Cc-C 4.453
c-c/C-C 0.199
Benzene [154] cC 6.4153
CC/CC ortho 0.7716
CC/CC meta -0.3189
CC/CC para 0.2895
Polyvinylenes [149] C=C 7.751
Cc-C 5.401
C-C/C=C 0.407
C=Cn/C=Cn+1 -0.730
C:Cn/C=Cn+2 -0.266
C=Cn/C=Cn+3 -0.200
C:Cn/C=Cn+4 -0.150
C=Cn/C=Cn_l_5 -0.100
C-Cn/C—Cn+1 -0.130

4The symbol / denotes the interaction between two coordinates given on
both sides.

TABLE 2

Comparison of Raman and Infrared Frequencies (in cm_l) of
trans-polyacetylene with the Calculated Frequencies at 6 = 0

13

(Colody ("CoHy)y (CoDy)y
Symmetry Mode Obs.? Calc. Obs .b Calc. Obs. Calc.
Ag vy 1464 1470 1442 1447 1357 1352
vy 1294 1302 1256 1256 1200 1191
Vg 1072 1079 1054 1054 855 854
u vy 1250 1235 1231 1231 916 908
1 Vg 1012 1014 1010 1011 746 744
Bg Vg 884 887 855 866 816 795

gRefs. [5,148].
Ref. [62].
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1470 e’ 1302 cm’ 1079 crd’
1352cr’ 191¢cn’ 854 cri’
(C,D2)n
W V7 %!
FIG. 11. Normal coordinates of the Raman active v;, vy, and vz modes
in trans-(CyHj) and trans-(CzDz)n. The arrows indicate the calculated
atomic Cartesian “displacement vectors ~multiplied by three. Used by per-

mission, Ref. [149].

shown in Fig. 11. As expected from the observed isotopic shifts (Table 2),
vg is a mixed mode of the C=C stretch and the CH bend with a large con-
tribution from the latter, contrary to its widely believed assignment to the
C-C stretch. The v,
and the contribution of the C=C stretch to this mode is very small. The vy

mode instead, predominantly involves the C-C stretch

mode is another mixed mode of the C=C stretch and the CH bend with a large
contribution from the former. In (CZDz)n’ the C=C stretch mixes with the
C-C stretch as well as the CD bend and the atomic movements of vy and v,
are nearly parallel and perpendicular to the chain axis, respectively. The
increased contribution of the C=C stretch to vy in (CZD2)n accounts for the

enhancement of the v, Raman intensity on deuteration (Fig. 10c).

2
Frequencies of v, and v, are greatly lowered by the long range terms to

become comparable witlh the e?{perimental frequencies of polyacetylene with red
light excitation (Table 2). These vibrations shift to higher frequencies
steeply as the phase difference between adjacent HC=CH units increases from
zero (Fig. 12). In Sec. II.A.1, relations between (NC=C + 1)—1 and the vy
and Vg frequencies are described. Such correlation between the frequency
and the chain length should be connected with the dispersion curves in the
infinite chain, if we assume substantially the same force field both for finite

and infinite chains. In fact, the v, and 2 dispersion curves agree fairly well

il
with the observed frequencies of molecules of finite lengths (Fig. 13, see Fig.
9 also). The agreement between the calculated and the observed can be
improved by systematic modifications of the long range forces [150] according

to the formalism of Coulson and Longuet-Higgins [155].
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FIG. 14. Comparison of (a) the experimental Raman spectra excited at
632.8 nm and (b) the calculated Raman spectra for trans—(Csz)n (C =0),
trans-(C,D,)_ (C =1), and copolymers (C = 0.2, 0.5, and 0.8). "C is the
concentration of C,D, relative to the total amount of acetylene. Used by
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The greater dispersion of the vy branch in (CZDZ)n than in (CZHZ)n
(Fig. 12) accounts for the relative broadness of the vy Raman band in
deuterated trans-polyacetylene [62,148] because the 21 frequency is more
dependent on the chain length in deuterated polyene than in the
hydrogenated one and the band shape reflects the distribution of the chain
length more sensitively [149].

Validity of the dispersion curves can be tested by comparing the ob-
served and calculated spectra of copoly (02H2 + CZDZ)' Experimental Raman
spectra of (CZHZ)X’ (CzDz)X, and copoly (C2H2 + CZDZ) are shown in Fig.
14a. The excitation wavelength of these spectra is 632.8 nm, which gives the
spectra of very long polyene components. In Fig. 14b are shown the
theoretical spectra for in-plane Ag vibrations in model polyene chains (NCzc
= 50) assuming some geometrical change upon n-n¥ excitation and an
approximate equation of resonance Raman intensity [149]. Although some
peak positions do not coincide with the experimental ones precisely, the

calculated spectra reproduce the behavior of all the Vi, Vg, and vy bands
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upon introduction of isotopic species. For example, the vy frequency shows a
monotonical downshift as the concentration of C2D2 increases (one-mode
behavior), which is characteristic of the vibration whose densities of states in
two isotopically pure crystal (one-dimensional in this case) overlap each other
[156], and the same shift is evident in the calculated spectra. In contrast,
two-mode behavior is observed for vy and Vg [149,156]. Mixing of isotopic
species gives rise to the split bands as is clearly seen for vg. The two-mode
behavior indicates that the densities of states of vy in (C2H2)X and <CzD2)x
do not overlap and the interaction between the vy vibrations at C2H2 and
CZDZ sites is negligible. Such behavior is also reproduced consistently in the

calculated spectra.

4. Assignments of Infrared and Raman Bands

Each dispersion curve in Fig. 12 has at least two points of § where the
inclination of the curve is zero (critical points). The density of states at the
corresponding frequencies are particularly high compared with the other
frequency regions.

As mentioned previously, in the infinite polyene chain only the vy and
7_{undamentals with 6=0 are allowed in the infrared spectrum below 2000
cm ~. For chains of finite length, more vibrations become infrared-active as

v

a result of the lack of translational symmetry and they are correlated with the
vibrations of & # 0 in the infinite chain. Since trans-polyacetylene contains
polyene chains of various lengths as stated in Sec. II.A.1, the 6§ # O
vibrations, particularly at the critical points, are likely to appear in the
infrared spectrum. The calculated density of states [G(v)] spectrum and the
infrared spectrum are compared in Figs. 15 and 16 [142]. It is apparent that
most of the infrared bands correspond to the high density points in the G(v)
spectra. Assignments of the infrared bands based on the calculated G(v)
spectra are summarized in Table 3 together with those of some bands due to
minor structural components in the polymer films. Some assignments need
explanations.

In the infrared spectrum of tra_ns-(CH)X the broad absorption contour,
with two peaks at 1630 and 1468 cm_1 mentioned in the introduction, is
ascribed to the vy vibrations which are calculated in the 1610-1470 cm_1 range
(Fig. 15). The intensity distribution in this frequency range is sensitive

to the distribution of trans conjugation lengths [70]: the peak on the low

frequency side is strong for a film with a high content of very long segments
and it is weak for a film with a low content of such segments. Since a film
which is rich in long segments generally shows high electrical conductivity
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FIG. 15. Comparison of (a) the infrared spectrum of trans-(CH)_ (in
absorbance units) with (b) the density of states of trans—(Csz)X (in
arbitrary units) and the assignments. The shaded areas in the density
spectrum are due to in-plane vibrations. Adapted from Ref. [142].
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FIG. 16. Comparison of (a) the infrared spectrum of trans-(CD)X (in
absorbance units) with (b) the density of states of trans-(C,D,) (in
arbitrary units) and the assignments. The shaded areas are due to in-plane
vibrations. Adapted from Ref. [142].




CONJUGATED AND CONDUCTING POLYMERS 391

TABLE 3

Assignments of Infrared Absorption Bands in trans-polyacetyleneal

(CH)X (13CH)X (CD)X Assignment
1994 vyt Vg (1201 + 797 = 1998)
1952 vy + Vg (1201 + 746 = 1947)
1827 2v4 (2 x 916 = 1832)
1910-1720 1883-1708 1550-1348 vy Vg
1710 C=0 str.
1632 1654 C=0 str.
1630-1468 1573-1447 (1550-1348) vlb
1458 CH bend of CH2 and CH3 (catalyst)
1425 1412 CH2 scissors (=CH2?)
1380 (1380) (1380) CH3 sym. deform. (catalyst)
1298 Vg + v (623 + 676 = 1299)
1292 1257 1262,1201,1080 v,
1048 unassignedC
1250 1231 963,916 Vg
1170,1082  1166,1068 861,(916) vy
1012 1010 746,623 Vg
892,740 872,720 797,676 vg

a P ; =1
Peak frequencies in cm .

Overlapped by Vg v bands in (CD)X.
See Ref. [142].

upon doping [157], it is possible to predict the potential electrical property
from the infrared vy band shape (see below). A similar broad absorption
with peaks at 1573 and 1447 cm_1 in (13CH)X is also - reproduced in the
calculated G(v) spectrum. The v vibrations in (CD)X are expected in the
1575-1350 cm_1 region, where a rather strong absorption with three peaks at
1550, 1458, and 1348 cm_l is observed (Fig. 16). The relative strength of
the absorption in (CD)X is due to overlapping of combination bands (\)7 + v8)

as will be described below.
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Combination and overtone bands of the CH out-of-plane bending
vibrations have appreciable infrared intensities in conjugated systems [158]
and polyacetylene is not an exception. The absorption contours between 1910
and 1720 cm_1 in (CH)X are assigned to the combinations of Vg and Vg, sums

of peak frequencies being 1904 (1012 + 892) and 1752 (1012 + 740) cm_l.

1

Similarly, the absorption between 1883 and 1708 cm © in the spectrum of

(130H)X is attributable to Vgt Vg In the case of (CD)X, the combination
transitions are expected to be down-shifted to 1543 and 1299 cm-1 from the
observed fundamental frequencies. A very weak band observed at 1298 Cm_1
is one of these. The other transitions overlap with the broad absorption due
to vy described above, though the intensity in the frequency region seems to
come mainly from the combination bands.

It is necessary to comment on the assignment of the 740 cm_1 band to vg
(6 = m) because this band has been discussed in relation to remnant cis
bonds [56,159-160]. The complication arose from the fact that the peak
frequency coincides with that of the strongest peak in the cis film. The
gig—(CH)X polymer shows three strong infrared bands due to CH in-plane
bending (1329 om 1), CH out-of-plane bending (740 cm™l), and CCC
deformation (446 cm—l) fundamentals [4]. The 1329 and 446 cm_1 bands
disappear upon thermal isomerization, while some intensity is retained at 740
cm_l. The residual 740 cm_l
bend of cis CH=CH bonds isolated in trans chains [56,159-160]. However,
the corresponding CD out-of-plane bending band observed at 548 cm-1 in

CLS-(CD)X [4] is absent in the spectrum of trans-(CD)X (Fig. 16).

absorption was assigned to the CH out-of-plane

Furthermore, in the thermal isomerization process of (130H)X, the cis band at
739 cm™! decreases in intensity with other cis bands, while the band at 720
cm-1 gains intensity with the other trans bands (Fig. 17). This finding

indicates that two bands due to cis and trans components have the same
1 1

frequency 740 cm - in (CH)X. The disappearance of the 739 cm © band in
the fully isomerized (130H)X film [142] shows that the 740 crn-1 band in the
spectrum of m—(CH)X, is not due to a vibration of remnant cis bond but
due to Vg (6 = nm) of trans polyene chain as assigned in Table 3. The
amount of remnant cis bonds must be, if any, much smaller than that
proposed previously [56,159,160].

A very weak band at 1425 cm_1 of trﬁg—(CH)X [1412 cm_1 in
ms{13CH)X] has been assigned to the =CH2 scissoring vibration at the
terminals of chains [142]. Oxidation of a trans polyacetylene film proceeds in
the ambient air and gives rise to C=O stretching bands at 1670 and 1725 cm_1
(with 18O down-shifts of 30 and 34 cm_l, respectively). A weak band at

1632 cm_1 in the spectrum of (13CH)X and those at 1654 and 1710 cm_1 in
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that of (CD)X are due to the isotopically affected C=O stretching bands.
! in the spectrum of (CH)_and at 1458
cm_1 in that of (CD)X are ascribed to the CH bending vibrations of the CH3

Weak absorptions at 1380 cm’

and CH2 groups. The intensities at these frequencies are different from film
to film. The CH stretching bands characteristic of CH3
also found around 2960, 2930, and 2870 cm_1 in all the spectra of (CH)X,
(lscH)x, and (CD)X. These observations indicate that aliphatic hydro-
carbons originating from the polymerization catalyst, Ti(OC4H9)4-A1(CZH5)3,

and CH2 groups are

remain in the polymer films [4]. However, the CH stretching intensities
depend also on the thermal isomerization conditions as described in the
introduction (Fig. 2). Accordingly, some sp2 carbons (=CH-) are converted
to sp3 carbons (—CHz-) through the thermal treatment yielding breaks of
conjugation. Hence, the intensity around 2900 cm_l also (together with the
v band shape) can be used as a monitor of the potential electrical property
of a film.

As mentioned above, Raman spectra with red light excitation (Fig. 10)
give selective information on the vibrations of very long trans components in
the films (Table 4). Besides the Vi Vg and 12 modes at § = 0 (Ag)’

another Raman active mode Vg (6 = 0) of Bg species appears weakly. The
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TABLE 4

Assignments of Raman Bands in tr‘ans—polyslcetylenea1

(CH) tPemy (cp)y, Assignment
1704 2v,
1457 1434 1347 v,
1299 vy + g
1294 1254 1201 v,
1066, 1174 1045,1169 852 vy
1013 1011 748 v,
884 855 816 vg
610 590 545 v
1

a L -
Peak frequencies in cm .

peak frequencies of v v and vg are significantly different from those

observed in the ]'nfr;redgspectra, which arises from the fact that the
resonance Raman spectra give peaks of long polyenes whereas the infrared
spectra give bands consisting of overlaps of the bands of polyenes of various
lengths existing in the films. The bands at 1013, 1011, and 748 cm-1 of
(CH)X, (ISCH)X, and (CD)X, respectively, are ascribed to Vg 6 = 0)
because their frequencies coincide well with the strong infrared bands due to
this mode.

Polarized infrared [161-164] and Raman [134,135] spectra of highly
oriented trans-(CH)_ have been reported, although the spectral features

X
depend much on the quality of the samples and the quantitative arguments

must be done with care. For instance, the v, infrared band is polarized

7
completely perpendicular to the average chain axis in [161] while the parallel
12 band

(3010 cm_l), however, is commonly observed as a depolarized band and the

component with different intensities is observed in [162-164]. The v

large parallel component has been ascribed to the charge flux along the
conjugated chain axis [163]. On the other hand, the strongly parallel
character of the Vg bands at 892 and 740 cm_1 [162] cannot be explained in
the same way, because the out-of-plane fundamentals are unable to induce
charge fluxes along the chain by symmetry if the planarity of the chain is
preserved in the polymer film. The Ag—like character of the Raman vy band
at 1013 cm_1 also cannot be explained by C2h symmetry because the mode
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FIG. 18. Hydrogen-amplitude-weighted density of states calculated for
trans—(Csz) . The shaded areas are due to in-plane vibrations. Peak
positions and’their relative intensities in a neutron spectrum of trans-(CH)X
[165] are indicated with a bar. Used by permission, Ref. [142].

would belong to Au or Bg' A possible explanation is that the chains are
slightly twisted like pleated sheet: alternating clockwise and anti-clockwise
distortion around the consecutive single bonds (Cz symmetry). The polariza-
tion characteristics of the other infrared and Raman bands are consistent with

the assignments in Tables 3 and 4.

5. Comparison of Density of States and Neutron Scattering Spectrum

Incoherent inelastic neutron scattering spectra provide straightforward
information on the density of states, because the scattering intensity is
proportional to the product of the density of states and the squared vibra-
tional amplitudes of hydrogen atoms. Figure 18 shows the amplitude-weighted
density of states GH(\)) calculated for (C2H2)n' The strong peaks predicted

around 1310 cm’~ 1

are mainly due to the 23 vibration. The frequency dis-
persion of the vy branch is very small (Fig. 12) and the contribution of the
CH in-plane bend is significant at 6 > 0.2n. Thus the high density and
large m}fhtude of the hydrogen motion result in strong peaks at 1315 and
1309 cm .

CH in-plane bend, is nearly flat in the ranges 0.9m < 6§ <m and 0 < §
1

On the other hand, the vy branch, whose main mode is also the

< 0.4n, the vibrations in the former range giving rise to a peak at 1305 cm’~

1

and those in the latter range a strong peak at 1232 cm ©. Out-of-plane

motions of the hydrogen atoms are much larger in \Z than in Vg as is seen
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from the frequency shifts on deuteration. The critical points of Vo at § =0
and n are expected to give peaks of medium intensity at 1014 and 938 cm_l,
respectively. The Vg peaks calculated at 887 and 744 cm—1 are weak.

A neutron scattering spectrum of t_ra_rg—(CH)X has been reported
recently by Maconnachie et al. [165]. The experimental spectrum shows
strong peaks around 1310 and 1190 cm_1 and medium intensity peaks around
1010 and 930 cm t

experiment and calculated is satisfactory with respect to both peak position

as indicated in Fig. 18. The agreement between the

and intensity. In particular the agreement in the intensity pattern gives

support to the calculated vibrational modes of Vo, Vg, and Vg branches.

6. Partly Hydrogenated trans-Polyacetylene

Now, what will happen to the spectra and electrical property if we
replace some spz carbons (=CH-) in the conjugated polyene segments with sp3
carbons (-CH2- or -CHD-)? This can be done by first doping the film with
sodium or potassium and then washing the doped film with alcohol [70] or
alcohol-OD [166]. The mole ratio AH/Na or AH/K of increased hydrogen (or
deuterium) content in the polymer (AH) and the dopant content in the doped
precursor polymer (Na or K) is close to one at levels of heavy dope-hydro-
genation [70,166], implying one to one correspondence of the dopant site and
the CH2 site. It is interesting to know whether dopant atoms exist as
clusters of atoms or they are separated one (atom) by one. If they exist as
isolated atoms, only the CH
CH2 group (=CH—CH2
hydrogenated polymer films. If they exist as clusters of atoms, those

9 rocking and CH2 bending vibrations of isolated

-CH=) will be observed in the infrared spectra of the

vibrational bands due to consecutive methylene groups [=CH—(CH2)k-CH=] will
be observed, k depending on the size of clusters. As another result of
hydrogenation, the conjugation is broken and short conjugated segments are
produced at the expense of long segments. The conjugation lengths of the
increased segments (distances between dopant sites) will be estimated by the
peak frequencies of intensity-increased Raman bands.

Infrared spectra of hydrogenated samples and an as-prepared trans film
are shown in Fig. 19. The CHZ rocking band around 730 cm_1 is obscured
by an overlapping Vg band of trans polyene part in samples (CHl.Ol)x -
(CH1.17)X (Figs. 19b-d) while the 744 cm_1 peak (k = 3) and the shoulders
at 768 (k = 2) and 720 cm_1 (k > 4) on top of the much weakened vg are
observed in (CH1.34)X (Fig. 19e¢). The content of (CHZ)k (k > 4) is
small since the 720 cm ! band is relatively weak. The CH
bands at 1432 and 1464 cm-1 are detectable in (CH

9 bending

1.06)x (Fig. 19¢) and the
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FIG. 19. Infrared spectra of trans-polyacetylene and partly hydro-
genated samples. (a) trans-(CH)y. (b) (CHjp g1y, (¢) (CHip,06)x, (d)
(CH1.17)x, and (e) (CH1.34)x. The vertical scale of (e) is 1.5 times those
of (a)-(d). Used by permission, Ref. [70].

intensities of these bands together with those at 1442 and 1452 cm_l are

1 band is assignable to isolated

significant in Figs. 19d and e. The 1432 cm~
CH2 and those at 1442, 1452, and 1464 cm_1 to longer isolated (CH2)k
groups, in that order. A band characteristic of long trans-methylene chain
(at 1475 cm_l) is missing in all the spectra. These observations indicate that
most of the dopant sodium exist as isolated atoms or a cluster consisting of
2-5 atoms. It is generally noticed that the shape and intensity of the vy
band in the 1630-1460 cm_l region change on hydrogenation. The change in
the 1460 cm_1 region is due to a complex result of the appearance of the CH2
bending bands and a decrease of long conjugated segments. The intensity
increase in the region above 1500 cm_1 with some additional peaks reflects
increased amounts of short conjugated segments yielded by the hydrogenation.
A fairly strong band at 968 cm-1 due to the CH out-of-plane bend of isolated
trans-RCH=CHR' (Figs. 19d and e) indicates that some dopant sites are close-
ly located (like -CH*=CH-CH=CH*- which is converted to —CH2-CH=CH—CH2-)
in heavily Na-doped (CH)X [70].




398 HARADA and FURUKAWA

s02"

T5-1129

mrd -
108051080

> ™)
2 2
2| 38
E SOI%-
z| b
N -

- -

> “o

I 1=

T I’“J\

pE

1105 >
1086 =

1 2 2 A A 1 L 1 1
1500 1000 1500 1000
WAVENUMBER/cm™

FIG. 20. Raman spectra of a partly hydrogenated trans-polyacetylene,
(CH1.16)x (dotted line) and the precursor trans-(CH)y; (solid line) excited at
(a) 457.9 nm, (b) 488.0 nm, (c) 514.5 nm, and (d) 632.8 nm. Intensities
are normalized to that of the 984 cm-! band of SO42- ion of a BaSO4 single
crystal plate (orthorhombic) pressed on the surface of the sample and
corrected to the absorbance and reflectance at the respective excitation
wavenumber and the absorbances at the Raman scattering wavenumbers.
Used by permission, Ref. [70].

Figure 20 shows the Raman spectra of (CH1 16)X and the precursor
trans-(CH)X. The intensity decrease at 1461 cm_1 (NC=C = 103 if Eq. (1) is

applied) is about 20% and the increase is 170% at 1545 em™! (N = D), 90%
at 1512 cm L (Ne_o = 12), 70% at 1498 ot T (Ni_o = 16), 30% at 1491 em™t
(NC=C = 19), and 40% at 1473 cm_1 <NC=C = 37). Thus it can be said that

1

most of very long segments which give rise to the 1461 cm - peak have been

dope-hydrogenated and the segments of 7-40 N have been produced. The

latter indicates that most dopants (atom and clcljls“:cjer) are randomly separated
by 7-40 C=C bonds in heavily doped Eg@-(CH)X [70]. In lghtly doped
m—(CH)X, the dopants are separated by 16-35 NC=C and there remain
very long segments of more than 100 conjugation [70].



CONJUGATED AND CONDUCTING POLYMERS 399

B. cis-Polyacetylene

It is interesting that polyacetylene takes the cis-transoid structure in
the as-polymerized state at low temperature, because such a configuration is
very unstable in oligoene molecules and all cis-transoid isomer is scarcely
isolated. The vibrational analysis is expected to provide knowledge on the
force field of such an unstable configuration. Lack of data on model
compounds, on the other hand, makes it difficult to make conclusive
assignments of the vibrational spectra.

Analysis of vibrational spectra of cis-polyacetylene may be based on the
infinite planar cis-transoid structure containing four each of carbon and
hydrogen per repeating unit cell. The factor group is isomorphous to the
point group D21,1 and there are eleven Raman active (4Ag + Blg * 4B2g +
ZBSg), seven infrared active (3B1u #* B2u + SB3u), and two optically inactive
(2Au) vibrations.

1 Raman Spectra

Raman spectra of cis-rich films with various excitation wavelengths have
been reported [7,58,59,61,67,167,168]. Assignments of the major three bands
at 1540, 1250, and 910 cm *

absorption maximum of the first peak in the wvisible spectrum) are
13

in Fig. 2la (excited at 600 nm near the

unambiguous on the basis of the ~°C and D isotope effects (Figs. 21b and c,
and Table 5) [67,169]. These bands are roughly the C=C stretch (\)2), the
CH in-plane bend (\)3), and the C-C stretch (\)4), respectively .

and v

The peak frequencies of v for a wide range of excitation

3 4
wavelengths are shown in Fig. 22. The frequencies are mostly constant
except that small but sharp decreases are observed at about 1.97 eV (629 nm)
in both cases [67]. The vy

excitation wavelength becomes long [58,67]. All these shifts are very much

band also exhibits small downshifts as the

smaller than those of vy and Vg in trans-polyacetylene. Since the relations
between cis conjugation length and the Raman frequencies are not established
because of the lack of the data of oligomers except the frequency (1622 cm_l)
of cis-hexatriene (liquid) [170], a conclusive interpretation has not been made
yet. It is suggested that these shifts arise from selective excitation of
different cis polyene chains with slightly different vibrational and electronic
energies [67]. The well-resolved vibrational structure in the optical
absorption spectrum of a cis-rich film indicates a high mean value of the cis
conjugation lengths [58]. Interestingly, the Raman cis bands change little in

frequency and width during the thermal isomerization from cis-film to trans
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TABLE 5

Observed Frequencies (in cm_l) of cis-polyacetylenes and Assignments

a
r

obs.
(CH) (CD) (130H) obs. calc. b Assignment
X X X
Ay vy -- 2 e e 1.35 -
v, 1540°¢ 1470° 15004 1.05  1.03 Vpnp
c c d
vy 1250 976 1231 1.28 1.34 B
¢ c d
v, 910 835 881 1.09 1.08 Ve
lo] c d
Biy Vs 826 685 816 1.21  1.21 -
Byg Y -- - - -- 1.35 Ui
C
v, 1390 - - -- 141 Ve oo
vg 1170° 917¢ -- 1.28 1.18 Bt oy
v 755¢ -- 7504 v 1.13 Scoc
B = - o - 1.20 -
v,  600° 558° 5834 1.08  1.18 o
Ay Vs 983° 765 == 1.28  1.30 Ten
v, 295 270° 2839 1.09  1.09 T s
B, Y1 s0a7de-f-8  g9a8d)® 30269 1.36  1.36 Ve
v 13309158 joasde 13194 1.27  1.27 -
i aarde- o8 goode 4354 111 1.11 Scoc
Boy Vg 7209.8-1,8  5edie 73gd 1.36  1.36 -
By, Vig 3058918:5:8 9961 30459 1.35  1.35 -
v 1483518 -- -- -- 1.02 Ve
Vo 124601858 ggodi®  1949d 1.40  1.40 Sen
gr = v(CH)/v(CD). ?Ref. [180].
CRef. [182]. ef. [162].
CRef. [67]. Ref. [183].

Ref. [169].
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FIG. 21. Raman spectra of
cis-polyacetylenes. (a) cis-(CH)y
(600 nm, 77K) [67], (b) cis-
(13CH)yx ('3C > 91%, 632.8 nm,
77K), and (c) cis-(CD)x (600 nm,
77K) [67]. Peaks with t are due
to trans segments and those with
x are ghost lines. Adapted from
[67] and [169].
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film [67,168]. This is in contrast to the marked changes in the profiles of
the trans bands during the isomerization [67,168, 171,172].

A long progression of overtone and combination bands are observed in
addition to broad luminescence bands at about 1.9 eV (653 nm) and 1.5 eV
(827 nm) as shown in Fig. 23 [173-177]. A Franck-Condon analysis can give
a satisfactory fit to the Raman excitation profiles for not only the funda-
mentals but also the first overtones and combinations [178]. The emission at
1.9 eV turns on sharply for excitation energies greater than 2.05 eV,
indicating a Stokes shift of 0.15 eV [173]. It arises from the cis segments
because it is quenched by thermal isomerization [173-175]. On the other
hand, during the thermal treatment the 1.5 eV band shifts to lower energy
with decreasing intensity and even in a fully converted trans film the band is
observed at 1.2 eV (1033 nm) [174,176]. Thus, the 1.2 - 1.5 eV band is
associated with trans segments existing in a cis-rich film [174,176]. Imhoff
et al. [174] proposed that the band is assigned to trans ZlAg luminescence.
In this connection Kajzar et al. [179] have indicated the presence of the
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FIG. 22. Raman peak frequencies (in cm—l) of cis-(CH)x vs. excitation

photon energy (in eV).

77K. Used by permission, Ref. [67].
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FIG. 23. Polyacetylene Raman
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excited by 514.5 nm (2.41 eV)
light (77K). The cis fractions
are about (a) 90, (b) 80, and (c¢)
0%. Used by permission, Ref.
[174].
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FIG. 24. Infrared spectra of cis-polyacetylenes. (a) ﬁ-(CH)X, (b)
_cE-(l?’CH)X, and (c¢) ﬁ-(CD)X. Peaks with t are due to trans segments®

trans 21A state at 1.9 eV by measurements of the third order optical

susceptibility (x3) through a technique of the third harmonic generation.

2. Infrared Spectra

In the infrared spectrum of a thin cis-rich film the strongest band at
740 cm_l is assigned to the CH out-of-plane bending vibration (\)17) of cis
-CH=CH- [5] based on the 2 and 194 cm—1 downshifts on 13C and D sub-
stitutions, respectively (Fig. 24). The intensities of this and trans Vg (1012

cm—l) bands have been useful in estimating the contents of the trans and cis
parts in polyacetylene [4,56,57]. The relation between the compositions and
the intensities of these bands was obtained under the assumption that each

band arose solely from trans or cis part,

[C1¢%)

100 X [fAqyq/(FAggg + Apg19)] )

[T1(%) = 100 - [C] (4
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where [C], cis content; [T], trans content; A absorbance of the 740

cm_1 band; and A1012, absorbance of the 1012 c;%q band [4,56,57]. The f
value was estimated to be 1.30 + 0.01 [4], 1.66 * 0.11 [56], or 1.57 = 0.20
[67]. This equation is applicable to the estimation of cis and trans contents,
because the compositions obtained with f = 1.57 agreed well with those
determined by cross polarization (CP) MAS-NMR [57]. Although this equation

1 band has a small contribution from a trans

is not exact because the 740 cm~
band as described in Sec. II.A.4, it seems to be practically usable except at

the final stages of isomerization.

3. Assignments of Infrared and Raman Bands

The assignments of the infrared bands of cis-polyacetylene were first
proposed by Shirakawa and Ikeda [5] and modified on the basis of the data of
polarized infrared spectra of highly oriented films [162,180]. Raman spectra
were first assigned by Kuzmany [61], and Lichtmann et al. proposed different
assignments of A_ species based on the data of a film with less trans contents
(96% cis) [67]. A normal coordinate calculation of in-plane vibrations of

infinite cis-transoid structure [181] and an ab initio calculation including the

out-of-plane vibrations [182] were performed. However, the complete
assignments have not been established yet due to lack in vibrational data of
smaller cis-transoid molecules. In Table 5 are given possible assignments
based on the ab initio calculation [182], frequency shifts on deuteration [67]
130 substitution [169], and infrared dichroism [162,180,183]. Some

comments are made in the followings.

and

Since only one vibration belongs to each of the B1 and B species,

2u
the ratio (r) of the frequencies of isotopomers is equal to the ratio of the
G-matrix elements and independent of the force constants. The good
agreements between the observed and calculated ratios seem to support the

assignments of B, and B2u species.

In the Ramlai spectra some additional bands that are not assignable to
gerade fundamentals are observed. The Raman bands at (445, 436, 403 cm_l)
for [(CH)X, (BCH)X, (CD)X] are assigned to Vig (Blu) because the
frequencies agree well with those of strong infrared bands at (447, 435, 402
cm—l). The Raman bands at 983 and 295 cm_1 in (CH)X and those at 765 and
270 cm_1 in (CD)X are assigned to Vi, and Vig in Au species, because the
frequencies and r's correspond well with the results of the ab initio
calculation [182]. The band at 299 cm_1 observed in the far-infrared [184]
also is considered to arise from Vi3 Accordingly, D2h symmetry [29] does

not hold strictly for cis-polyacetylene. A possible explanation for the
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observations is that the polymer chain is not planar but twisted slightly
around the double and/or single bonds. It is interesting to note that the
distortion of 10° around the C-C bonds is reported for cis-hexatriene by an
electron diffraction study [185].

C. Doped Polyacetylene

One of the properties of conjugated polymers is the small band gap
between LUMO and HOMO as is evident from the visible absorption spectra.
This leads to a small ionization potential and large electron affinity. Upon

doping with an electron acceptor like iodine and AsF_., part of the n-electrons

>
in the conjugated polymer are donated to the accseptor and the electrical
conductivity of the material increases drastically (insulator » semiconductor -
metallic conductor). The conjugated polymer can also be doped by a donor
like Na and K and accepts electrons from the dopant becoming a conductor.

Doping is expressed in the following charge transfer reactions,

P+ xyA > (P+yA;7)X (5)
and

P_+ xyD » (P7¥D}) (6)

X y'x
where P is the minimum structural unit like CH in polyacetylene, A is
acceptor, and D is donor. PX is a conjugated polymer. Acceptor and donor
become A~ anion and D+ cation, respectively, through one electron transfer.
On the other hand, in polymer PX only y (y < 0.3) electrons per one
structural unit P are transferred. According to theories, the charge on the
polymer is not localized at one particular unit P that is closest to a dopant
but is delocalized among PZ where z (in polyacetylene) is predicted to be
about 15 [81] (or 7-8 C=C double bonds). Then, at a dopant concentration
of y = 0.01, i.e., one dopant per 100 P or 50 CH=CH, each Pz is isolated by
surrounding undoped (insulating) parts of NC=C =43. If y =0.1, i.e., one
dopant per 10 P, each doped PZ is overlapped by the neighboring doped Pz
and electrons tend to be delocalized throughout the polymer chain. In
practice, some dopants exist as clusters and undoped (but possible
perturbed) parts still exist in heavily doped material as has been seen in the
hydrogenated polyacetylene (Sec. II.A.6). The difference in structure
between PZ+ and PZ_ is apparent in the wvibrational spectra although the
infrared spectra of donor doped polyacetylenes have not yet been extensively
studied because of experimental difficulties.
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As mentioned previously, cis » trans isomerization takes place upon

doping a cis film. Detailed studies on structural changes in the repeated

doping-undoping processes have been reported [129].

1. Doping Induced Infrared Spectra of Lightly Doped Polyacetylene

Figure 25 shows infrared difference spectra of lightly iodine doped (y <
0.01) trans (CH)X, (1SCH)X, and (CD)X [62]. Doping with other acceptors
gives practically the same spectral pattern [129]. Polarization measurements
of stretch-oriented (CH)X films have shown that these doping-induced
infrared absorptions are polarized primarily along the polymer chain
[115,162], which is indicative of predominant contributions of in-plane
vibrations to the infrared activity compared with out-of-plane ones. Major
infrared bands of doped (CH) are at 1397 (to be termed vdl)’ 1288 (\)dz),
and 888 cm~ (\)ds) The frequencies are reported differently depending on
the samples: v, , 1398 - 1390 em™ 1, vy, 1290 - 1288 em™!; vy,, 880 - 830
cm_l. All the bands show 130— and D-shifts like the Raman vy - v bands.
In fact the frequency of Va9 is practlcally the same as that of Raman v2 and
its A\)( C) (-38 cm~ ) and Av(D) (-78 cm~ ) are snmlar to those of vy -35
and -92 cm 1, respectively. On the other hand, A\)( C) of Va1 (- 15 cm” )
is smaller than that of V43 (-25 cm” ) contrary to the Raman A\)( C),
cm_1 of v, vs. -25 cm -1 of Vg The deuteratlon shift of V4 ( 257 cm’ ) is
largest as is that of Raman Vg (-224 cm” ) and the value of "d3 (-98 cm~ ) is
similar to that of Raman vy ( 105 cm~ ) Namely, the vibrational modes of

and v correspond to those of 12 and Vi respectively, while the Vo

Va1 d3
mode is similar to the v, mode. Then, what kind of structural change is

induced by the doping? ?

Infrared spectra of doped copolymers provide information on doped
domain and the vibrational mode behaviors (Fig. 26) [148,149]. The spectra
are hardly accounted for by concentration-weighted superpositions of those of
doped <C2H2)x and (C2D2)X, indicating that the absorptions are not
concerned with only one (doped) monomer unit but induced by generation of a
doped domain consisting of more than one monomer unit. The spectra of
doped copolymers reflect statistical distribution of C_H, and C,D, units within

272 272

such domain. As indicated in the figure the Va1 band shows two-mode

behavior, while the V39 and Va3 bands show one-mode behavior. So for
these behaviors to be observed, the doped domain must be composed of
several or more successive monomer units. The abovementioned expectation of

- Vg and Vg "V correspondences is supported by the mode behaviors.

v
d1 1
The mode behavior of V49 turned out to be different from that of vy Since
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FIG. 25. Infrared difference spectra of iodine-doped trans-polyacetyl-
enes. The dopant concentrations are less than 0.01. Adapted from Ref.
[62].
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the spectral behavior of a band on isotopic mixing is a direct consequence of
the force field, the force field for the doped part of polyacetylene must differ
significantly from that for pristine polymer. Presumably, the electron
delocalization as a result of the charge transfer induces a decrease in the
'C=C' stretching force constant and causes the vy frequency to decrease to
888 cm™ !
v

and the Vg frequency to increase to 1397 cm—l. Since both vy and
g are one and the other of two coupled modes of 51 and Sg basis modes,
frequency alternation between the two is possible depending on the relative
values of 'C=C' stretching and CH bending force constants.

Concomitant with the appearance of the three infrared bands, the
absorption in the visible region decreases in intensity and a new band
appears in the near infrared (Fig. 4). On further doping the latter band
shows a great enhancement of intensity and a shift of absorption maximum
toward lower frequencies. Consequently, the whole infrared region becomes
nontransparent. However, Rabolt et al. were able to find that the V43 band
in AsF5—doped (CH)X shifts significantly to a lower frequency as the dopant
concentration is increased [118]. Similar but much smaller shifts are also
found for the other bands. This observation may imply that the Vas mode is
especially sensitive to interaction among neighboring charged domains.

Very recently [186], Castiglioni et al. have shown that the three Raman
Ag frequencies (\)1, Vos and \>3) and the three infrared doping-induced or
photogenerated bands (\’ld’ Vog> and ‘)Sd) are explained by simply changing
the value of long range interaction force constants (AK in the paper). It was
shown that the modes of vy and vy are actually interchanged as the diagonal
C=C stretching force constant is decreased as a result of a large negative
contribution from the long range forces in the latter cases.

Although the infrared spectrum of a doped sample reflects the structure
and properties of doped domains in the polymer chains, it can not be simply
correlated with electrical conductivity, a macroscopic property. In Fig. 27
are compared the infrared spectra of lightly iodine doped hydrogenated poly-
acetylene (Sec. II.A.6) with that of doped polyacetylene. The spectra are
quite similar to one another while the conductivities at the maximally doped
state are significantly low for the hydrogenated samples. In the case of a
heavily hydrogenated sample (CH1.34)X, changes in peak frequencies and

band shapes of v and Vg3 are observed as the doping proceeds (Fig. 27e),

d1
indicating that very short as well as long conjugated segments are doped and
the structures are slightly different among the doped domains formed within

long segments and short ones [70,187].
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FIG. 27. Infrared difference spectra of iodine-doped trans-polyacetyl-
enes and partly hydrogenated samples. (a) Doped trans-(CH), (iodine
content < 0.1%; conductivity at the maximum doping, 1.6 x 102 Scm-1), (b)
doped (CHjp g1)x (< 0.1%; 1.1 x 102), (c) doped (CHp pe)x (0.2%; 7.4 x 10),
(d) doped (CHi.17)x (1%; 8.1 x 10-1), and (e) doped (CHj 34)x (1% for the
solid-line spectrum; <10-%). Spectra at different iodine contents are shown in
(e). Used by permission, Ref. [70].
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2. Raman Spectra of Heavily Doped Polyacetylene

Raman spectra of trans-polyacetylene heavily doped with AsF5 (Fig. 28a)

and Na (Fig. 28b) are quite different from that of pristine films (Fig. 6),
indicating large structural changes upon doping [62,121]. The Raman spectra
reported by other authors [61,122-126,128,188] are similar to these spectra.
As described in Sec. II.C.1, charged domains are formed at a lightly doped
state. Raman spectra of lightly doped trans-polyacetylene are essentially the
same as that of pristine film with decreased band intensities, because the
Raman bands of the doped part are negligibly weaker than those of the
undoped part due to the off-resonant condition for the former (Sec. II.D).
The Raman spectra of heavily doped films can be interpreted by a mixture of
the bands attributed to charged domains and remaining polyene parts, as
described below. In the AsFS—doped spectrum of Fig. 28a, two bands at 1579
and 1533 cm_1 are observed in the C=C stretching region. These frequencies
correspond to those of segments of conjugation lengths, 5 and 8,
respectively, if we simply apply Eq. (1). As the excitation wavelength
becomes short, the frequencies of the bands become high and the relative
intensities strong. Thus, these bands are assigned to the vy vibrations
arising from the remaining polyene parts. Based on similar reasons the band
at 1140 cm™! is assigned to vy of the polyene parts. The 1467 em™! band
becomes strong as the excitation wavelength is lowered, which is explained as
a result of post-resonance with the near-infrared absorption induced by
doping. Accordingly, this band arises from the gerade modes correspi)nding
band

is complicated. Its intensity depends little on excitation wavelength. Since

to the infrared Va1 in the doped domains. The origin of the 1305 cm”

the v, frequency is independent of the excitation wavelength and the infrared
V39 frequency also coincides with the Raman Vo5 the band is assigned to an

overlap of the v, bands in the polyene parts and the gerade Vao bands in

the doped domair?s. The weak and broad band extending from 1005 cm_1 to
lower frequency is assigned to the gerade Va3 in the doped domains.

The Raman spectrum of donor-doped trans-polyacetylene (Fig. 28b) is
slightly different from that of the acceptor-doped one (Fig. 28a). As
described above, the bands at 1591 and 1553 cm_1 and the broad one in the
1200 - 1100 cm_1 region arise from vy and Vg vibrations in the remaining
1 band is assigned to the gerade
go is observed at 1268 cm™' [189].)

The frequency is 47 cm_1 lower than the gerade V39 of the acceptor-doped

polyene parts, respectively. The 1258 cm
LD of charged domains. (The infrared v

sample (1305 cm—l), indicating the structural difference between the positively
charged and negatively charged domains. The weak Vo peak of the polyene
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part is overlapped by the contour at the high frequency side of V49 The

reason of missing (or very weak) v .. is yet to be studied.

Tanaka et al. [126] have sf{uldied the dependence of Raman spectra on
dopant (Na) concentration. Spectral changes have been attributed to the
changes from isolated charged soliton structure to repeating structure of a
charged soliton, a single -C=C- bond, and a uniform chain unit. According
to them, the observed band at 1570 cm_1 (assigned to the -(C=C)- stretch)
indicates the absence of a long uniform structure consisting of bonds of an
equal bond order [126]. However, these observations also can be interpreted
by the coexistence of a series of doped structures and remaining short
undoped polyene parts in the heavily doped films.

Raman and infrared spectroscopy affords also the information of dopant

species [190,191]: for example, (13_)X, 105 and 210 cm-1 (Raman).

D. Correlation Between Structure of Pristine trans-Polyacetylene
and Conductivity Upon Doping

As explained in Sec. II.A.4, it is possible to tell from the infrared vy
band shape the relative contents of segments with different conjugation
lengths. Raman spectra of Film A and Film B mentioned earlier (with infrared
spectra in Fig. 2) are shown in Figs. 29a and c. The spectra were taken at
80K with 457.9 nm excitation. The low frequency components in the vy and
Vg regions arise from the long segments with the off-resonance condition and
the high frequency peaks are the resonance enhanced scattering from the
short segments which absorbs the 457.9 nm light. The difference in composi-
tions is clearer in these figures than it is in Fig. 2. The content of long
segments in Film B has been estimated 0.6 times that in Film A [157,187].
Upon light doping with iodine, all the peaks lose intensities (Figs. 29b and
d). They arise from the remaining undoped segments. Practically, the
Raman bands of doped segments are not observed in the spectra because of
the off-resonance condition mentioned in Sec. II.C.2. Accordingly, the
decreased intensities are directly related to the amounts of doped short and
long segments. If one measures the Raman spectrum and electrical
conductivity of each doped film, one can study the relation between the
conductivity and the amounts of doped segments. In Fig. 30 are plotted the
conductivity versus the decrease in intensity (AI). The important finding is
that good correlation exists between electrical conductivity and the amount of
doped long segment. In other words, the doped long segments play the major
role in the electrical conduction, at least, at the low doping levels. At heavy
doping levels, Raman bands of dope'd parts overlap the much weakened bands
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(CHI g g42)%] The spectra are normalized to the intensity of the 984 cm-
band of %a§04 single crystal. Used by permission, Ref. [157].
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and vg (1063 cm-!) due to long segments in Film A.

long segments in Film B.
O; v, and vg due to short segments in Film B.

segments in Film A.

29.

.’

Adapted from Ref. [157].

e; vy (1455 cm-1)
0; vq and vz due to

v; (1498 cm-1) and vg (1124 cm-1) due to short

See Fig.
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of undoped parts and the method is impractical. At the maximum doping, the
conductivity of Film A (190 Scm_l, at I/C=C = 0.45) is much larger than that
of Film B (10 Scm-l, at I/C=C = 0.49) although the content of long segments
in Film B is not significantly low compared to that in Film A as mentioned
above. This has been explained as a result of inadequate contacts between
long polyenes in Film B due to the distortion of polymer chains caused by the
intervening short segments. In order that a high electrical conductivity is
attained, a film must be rich in long conjugated segments (intra-chain con-
ductivity) with few sp3 carbons and kinks, and adequate contacts among the
long doped polyene segments (inter-chain conductivity) must be held as well
as those among the fibrils (inter-fibril conductivity).

III. POLYTHIOPHENE

The films prepared by electrochemical polymerization of thiophene are

2—102 Scm_l), the conductivity being dependent on the

conducting (10~
synthetic conditions [192-204]. They are doped with electrolyte anions
(BF, ,
are 6.8-30 mol% per thiophene unit for BF4_—doped films [194,196,199,201] and

14-26 mol% for 0104_—doped ones [193,203,204]. The maximum conductivity
1

CIO4-, etc.) during the polymerization and the dopant concentrations

obtained so far for the as-polymerized film at room temperature is 190 Scm~
(PFG—-doped film with 17 mol% doping [200,202]). A high anisotropy in
conductivity was reported: the ratio of the conductivity parallel to the
surface to that perpendicular to the surface was ca. 105 [193,204]. The
dopant can be removed (undoped) by electrochemical reduction and/or the
treatment with ammonia water or gaseous ammonia. The undoped film, called
neutral polythiophene, is insulating and stable in air. As the starting
material, 2,2'-bithiophene [197,198,205,206], 2,2':5',2"-terthiophene
[206,207], and substituted thiophenes [197,198,200,202,208-212] also have
been used. Conductivity of PFG_—doped poly(3-methylthiophene) was reported
to be 510 Scm™!
redoping with acceptors [201,213-216] and donors [213]. Neutral poly-

[200,202]. TUndoped films become conducting again on

thiophene and poly(3-methylthiophene) are synthesized also by condensation
polymerization of 2,5-dihalothiophenes and its 3-substituted derivatives,
respectively [217-222]. These polymers can be doped with electron acceptors
and become conducting [217-227]. Although most of the polythiophenes are
insoluble in organic solvents, neutral and doped polymers of 3-alkylthiophenes
with large alkyl groups (> butyl group) are soluble completely or partly in
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common organic solvents such as THF, chloroform, benzene, etc.
[210,211,220]. Because of their solubility, the degree of polymerization
(Ndp) can be determined by vapor-phase osmometry [210,22[1,222] and gel
permeation  chromatography  [212,221]. It is 2.3 x 10 for neutral
poly(3-hexylthiophene) [210]. The density of neutral polythiophene was
estimated to be 0.5-0.8 gcm_3 from the weight and volume measurement and
1.4 gcm_3 by the floating method [195].

Electrochemically prepared films can be smooth-surfaced, granular, or
fibrillar, depending on the synthetic conditions [193,197,199,201,208,228,229].
Infrared and CP-MAS-NMR studies of neutral polythiophene [199,215,230-233]
and poly(3-methylthiophene) [233-235] show that the electrochemical poly-
merization proceeds predominantly through o,a'-coupling. According to an
X-ray diffraction study, the crystal data of chemically coupled neutral poly-
thiophene are: either orthorhombic, a = 7.80, b = 5.55, and ¢ = 8.03 1&); or
monoclinic, a = 7.83, b = 5.55, ¢ = 8.20 X, and B = 96° [236]. Polythiophene
prepared by an electrochemical method is amorphous [192,229]. There is a
report that electron and X-ray diffraction data for a 803CF3_—doped
poly(3-methylthiophene) film prepared electrochemically imply a hexagonal
lattice (a =9.7and b = 12.2 1§) consistent with a coil structure [229].

Neutral polythiophene films give rise to a n-m* absorption at ca. 480 nm
[195,199,202,203,205,206,213,220] and are transparent in the red region.
Upon electrochemical doping, peaks at 0.6-0.7 eV (2070-1770 nm) and 1.5-1.8
eV (830-690 nm) appear and the 480 nm band decreases in intensity and
shifts towards a short wavelength [205,213]. At the maximum doping a
structureless absorption developing from the visible and increasing towards
the infrared region is observed [205,237]. The interpretation of the spectral
behavior is controversial. According to Heeger and coworkers on films
prepared from 2,2'-bithiophene, dications exist at low doping levels (<20
mol%) and metal-like free carriers exist at the highest doping level [205,237].
An ESR study on such films indicated the presence of dication for concentra-
tions up to at least 14 mol% [238]. On the other hand, absorption and ESR
studies on films prepared from thiophene indicated the presence of two kinds
of radical cations at low doping levels (<3 mol%), the formation of dications
from the radical cations at intermediate doping levels, and metallic properties
at high doping levels (>15 mol%) [239-242]. For poly(3-methylthiophene),
analysis of g factor in ESR spectra of the doped films suggested that the
electron transport occurs along the carbon skeleton of the polymeric chain
[243]. An absorption study suggested the presence of radical cations at
dilute doping levels [244]. A metal type reflectance with nearly zero
transition energy was found for a heavily doped sample [245]. According to
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ESR and spectroscopic studies on doped poly(3-hexylthiophene) in solution,
the spinless dications is the lowest energy charge-storage configuration on a
single polymer chain in dilute solution and radical cations are formed as a
result either of storage of an odd number of charges on a single polymer
chain or of interchain interactions [246,247]. A restricted Hartree-Fock SCF
ab initio study on quaterthiophene at neutral and Na-doped states indicated
the formation of charged defects such as dications associated with structural
deformations [248]. The formation of one dication is thermodynamically more
stable by 0.26 eV than that of two radical cations according to wvalence-
effective Hamiltonian band-structure calculations [249].

Infrared and Raman spectra of neutral polythiophene, 2,5—130-substi-
tuted and deuterated analogs, and oligomers were studied [215,250-252]. Ndp
was estimated from the intensity ratio of the infrared CH out-of-plane bends
arising from 2-monosubstituted and 2,5-disubstituted thiophene rings [251].
Several key bands, sensitive to the structure of neutral polymer, were
compared with the conductivity upon redoping with iodine and it was
concluded that the conductivity of the doped film correlates better with the
average conjugation length (NC) in the polymers than with Ndp [215;251]
Infrared (absorption and ATR) and Raman spectra of doped polythiophene
were reported [192,196,199,201,227,250,253,254]. Photoinduced absorption
and ESR studies of chemically coupled neutral polythiophene showed that the
dominant photoexcited charged species are dications [255,256]. On the
other hand, in the case of neutral film prepared electrochemically from
thiophene, the change of absorption spectrum induced by the photoexcitation
suggested the formation of 'shallow' radical cations [239,240]. Infrared
absorption of lightly doped film under DC electric field was studied [257].
Infrared and Raman spectra of neutral and doped poly(3-methylthiophene)
were reported [253,258-260] and overtone and combination bands were

observed in the resonance Raman spectra of the doped sample [260].

A. Key-Bands Sensitive to the Structure of Neutral Polythiophene

Infrared and Raman spectra of «,a'-coupled oligomers (2T, 3T, 4T, 6T,
and 8T), and neutral films of polythiophene (PT), 2,5—13C—polythiophene
(PTC), and deuteropolythiophene (PTD) are shown in Figs. 31 and 32,
respectively. The strong infrared band around 786-798 cm_l in Figs. 31lb-g
and the band around 676-702 cm—1 in Figs. 3la-g arise from the CH out-of-
plane bends of «,a'-disubstituted and a-monosubstituted thiophene rings,
respectively [261]. The assignments of the weak band at 695 cm'1 in the
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FIG. 31. Infrared spectra of (a) a-bithiophene (2T), (b) a-terthiophene
(3T), (c) a-quaterthiophene (4T), (d) a-sexithiophene (6T), (e) a-octithio-
phene (8T), (f) polythiophene (PT), (g) 2,5-13C-polythiophene (PTC), and
(h) deuterated polythiophene (PTD). (a)-(e) in KBr disks and (f)-(h) in
films.

polymers (Figs. 31f and g) as well as the strong band at 786 cm—1 to the CH

bends are verified by the large downshifts on deuteration (Fig. 31h). The
degree of polymerization can be estimated from the intensity ratio of the
two bands, R = 12/12 5 (12 = the area intensity of the 695 cm_1 band and

12 5 = the area intensity of the 786 cm—1 band), by the following relation,
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FIG. 32. Raman sbectra of oligothiophenes and polythiophenes. (a)-(h)
are of the same compounds as those in Fig. 31 except that the spectra of

oligomers were taken for pure solid. (c)-(e) with 632.8 nm excitation and
others with 514.5 nm excitation.

Ny, = 2Ry/R + 2, &)

dp
where RO = 1.07 [251]. For example, R = 0.12 in Fig. 31f and hence Ndp is
estimated to be 20 for the polymer.

Oligomers, 3T through 8T, are considered to take a trans-planar

structure in the solid because the spectral patterns are similar to those of
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2,2'-bithiophene (2T) which takes a trans-planar structure in the crystal
[262]. In the infrared absorption a single band for each oligomer due to the
C=C antisymmetric stretch [263] (\)asir) lies in a narrow region of 1499-1491
cm_1 with increasing intensity from 2T to 8T, whereas, two or three C=C
symmetric stretching bands (\)Sir) assignable to the modes with different
phases are observed in the wide 1460-1417 cm_1 region with decreasing
intensity from 2T to 8T. The intensity ratio of these bands (Isym/lanti)
decreases monotonically (but not linearly) as the number of rings increases,
implying that it serves as an approximate measure of average number of trans
conjugated successive rings (NC).

In the Raman spectra (Fig. 32), both frequency and intensity of the
C=C antisymmetric stretch (vasR) decreases as the number of thiophene rings
increase (1556 cm™! in 2T to 1501 em™ in 8T). In PT it is observed as a
shoulder of the strong C=C symmetric stretch (\)SR) at 1461 cm—l. Contrary

R, the \)SR frequencies are practically the same

to the large dispersion of Vos
for 3T-8T and PT.

The Raman 1222 cm_1 band is assigned to the inter-ring CC stretch in
the trans-planar part of the polymer on the basis of a large 13C—sh]'.ft (-31
cm_l) and a small D-shift (-8 cm-l), and a corresponding single band in this

1

region in the spectra of solid oligomers. The 1045 cm - band is a pure CH

in-plane bend, since it shifts down to 778 cm—1 on D-substitution. The
bands at 1177 and 1155 cm™!

CC stretches in the parts where the CC torsion angle is different from trans,

with large 13C—shifts arise from the inter-ring

because relatively strong ones at similar frequencies are observed for 3T in
082 and polar solvents with different intensity patterns indicating the co-
existence or rotational isomers in addition to the trans-trans form (Fig. 33).
Based on the reasoning similar to that described above, the 701 cm_1 band is
assigned to the ring deformation in the trans coplanar part and the 682 and

652 cm-l bands to those in the distorted parts (kinks). Hence, the intensity

ratios, Ij1g0/119990 T1155/11222> Tes2/T700° 224 Tgs2/T700
indicators of the relative amounts of kinks of the same or different origin

(A

can be used as the

s
k
Vibrational assignments of neutral polythiophene are summarized in Table

B. Structure-Conductivity Relation

Akimoto et al. studied the relation between the structure of neutral
polymers in undoped films and the conductivity upon redoping them with a
common dopant to the maximum [215,251]. They prepared ten doped films
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FIG. 33. Raman spectra of 3T in solutions and solid (514.5 nm). (a)
and (d) acetonitrile solution, (b) CS, solution, (c¢) and (f) solid, and (e)
1,4-dioxane solution. Used by permission, Ref. [251].

with different synthetic conditions and undoped them. A part of each neutral
film was used for spectroscopic measurements and the other part was doped
maximally with iodine and the conductivity was measured. The infrared and
Raman spectra of three of them are shown in Figs. 34 and 35, respectively.
It is easily understood from the figures that Nd and Nc decrease and Ak
increases from PT-2 through PT-1 to PT-10. In Fig. 36 are plotted the
conductivity vs. relative intensities of infrared and Raman bands. First we
compare two films, one with the largest Ndp (PT-6, Ndp = 35, NC = 3.5) and
another with the largest N (PT-2, Ndp =20, N, > 8). The film with the
highest Nd does not necessarily contain long conjugated segments. The
conductivity of PT-2 (2.0 x 102 Scm_l) is four times higher than that of PT-6
(5.0 x 10 Scm-l). Next we compare the three films which showed electrical
conductivity higher than 100 Sem™!, Conductivity,z Ndp’ Isym/Ianti (NC),
and 1682/1700 ozf these films are: PT-2, 2.0 x 107, 20, %.89 (>8), 0.16;
PT-4, 1.7 x 10%, 30, 1.10 (>8), 0.18; and PT-3, 1.2 x 107, 18, 1.60 (4),
0.23, respectively. Clearly, the conductivity correlates much better with NC
than with N dp’ It was concluded that a small amount of kinks and con-
comitant enrichment of long trans conjugated segments (a high NC or a low

/I__..) are indispensable for a film to gain high electrical conductivity at

Isym anti
the doped state.
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FIG. 34. Infrared spectra of
undoped polythiophene films. (a)
PT-2, (b) PT-1, and (c) PT-10.
The o values are electrical
condu%:tivities of the films upon
maximum redoping with iodine.
For details of synthetic conditions
of the films, see [251]. Used by
permission, Ref. [215].

FIG. 35. Resonance Raman
spectra of undoped polythiophene
films (514.5 nm). (a) PT-2, (b)
PT-1, (¢) PT-10, and (d) PT-MT
(polythiophene synthesized in the
interlayer of transition-metal-ion
exchanged montmorillonite). Used
by permission, Ref. [215].
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TABLE 6
Vibrational Assignments of Neutral Polythiophene

Vops w130y, av(D))?

Raman Infrared Assignment
1498 (-14, -54) C=C antisym. str.
1461 (-34, +3) C=C sym. str.
1405 ( - , -31) 2 x 701
1371 (-24, -73) CS sym. str. + C-C str.
1222 (-31, -8) inter-ring CC str. (trans)
1177 (-23, -) inter-ring CC str. (distorted)
1155 (-25, -) inter-ring CC str. (distorted)
1045 ( -4, -267) CH in-plane bend
701 ( -4, -15) sym. ring deform (trans)
682 ( -5, -14) sym. ring deform (distorted)
652 ( -6, -11) sym. ring deform (distorted)
301 ( -3, -6) skeletal deform
1490 (-15, -47) C=C antisym. str.
1440 (-13, -20) C=C sym. str.
1068 ( -5, -186) CH in-plane bend
786 ( 0, -165) CH o.p.-bend (2,5-disubstituted)®
695 ( 0, -171) CH o.p.-bend (2—monosubstitu‘ced)b

4peak frequency (frequency shift on 2,5—130-substitution, frequency shift on
bdeuteration) in cm-1.
0.p., out-of-plane

Finally, it is interesting to point out that neutral polythiophene (PT-MT)
polymerized in the interlayer of transition metal-ion exchanged montmorillonite
(a clay mineral) has much less kinks as judged from the Raman spectral

pattern (Fig. 35d).

C. Doped Polythiophene

Hotta et al. studied FTIR spectra of electrochemically prepared polythio-
phene films doped with various dopant species at varying doping levels [230].
They observed four conspicuous absorption bands at 1330-1310, 1200,
1120-1080, and 1030-1020 cm_1 independent of the difference in dopant species
and contents [230]. In Fig. 37 are compared the infrared spectra of neutral



422 HARADA and FURUKAWA

DEGREE OF
POLYMERIZATION CONJUGATION
HIGH «— — LOW LONG < — SHORT
3 3
10 2 10 5
2 2
° %
104 %o 104 %
60 o GCW
1
o0 e |09 ° °
A 10 10
’:t.. 1 () T 02 T 1 O T L 1 [l. T 17 11
= le97/ 1787 Isym/lanti
=
=
;J KINKS KINKS
1:3‘ FEW « — MANY 3 FEW <« — MANY
c 10> 10
S [+ d
O 2 2,
o
1045 © 104 5 e
Q, 06 o @6
|
10 - 2% 010 10 4 ° o 0
1 T T T T 1 LNL I B N | T
0.2 0-4 0-6 02 0-6 1.0
lgs2/ 1700 luss/ haz2

FIG. 36. Plots of electrical conductivity versus relative area-intensities
of infrared and Raman bands of polythiophenes. Numbers 1, 2, 6, and 10 in
the figures denote the data of PT-1, PT-2, PT-6, and PT-10, respectively.
Adapted from Ref. [215].

and redoped polythiophenes. Neutral thiophene rings remain even at a high

doping level (Fig. 37d) but diminish at the maximal doping (Fig. 37e) as
! bands. Al the
bands in Fig. 37e arising from the doped parts are of molecular vibrational
origin because shifts on 130-
Whether they arise from either of radical cation and dication or from the both
is not clear.

judged from the disappearance of the 1490 and 1440 cm”

of their frequency and D-substitution.

However, small spectral changes have been noticed at the
beginning and the final stages of redoping. If we assume that radical
cation is less stable than dication, each radical cation isolated at very low
doping levels will tend to combine to form dication whenever another nearby
radical cation is generated by additional doping. This could be related to the
spectral change at the beginning of the redoping. At the intermediate doping
levels, the content of dication will be much larger than that of radical cation.

At doping levels higher than a certain dopant concentration each dication will
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interact strongly with the neighboring ones to cause a further change in
structure corresponding to the change in the spectra. However, such
structural changes are much less significant than that from neutral to doped
(radical cation or dication) structures as is evident from the spectra. The
formation of radical cation or dication breaks the homogeneity in structure,
and the force field of neutral polymer and the vibrational selection rule for a
homogeneously long polymer do not hold any more, but the vibrational
activities depend on the symmetry and structure of the restricted domains.
This is one of the reasons of the broad widths of some of the bands.

Among the four strong bands in the 1340-1030 cm-1 region the one at
1036 cm_1 is assigned to the in-plane CH bend because it shifts down to 862

cm on deuteration (Fig. 38). The frequency and the D-shift are
1 and -186 cm™?,
respectively). On the other hand, the intensity is the second strongest in
1 .
band in the
neutral polymer. In relation to this, the out-of-plane CH (CD) bend is
slightly upshifted to 791 (624) em™ L

intensity. Such drastic intensity changes indicate formation of a large

comparable to those of the neutral polymer (1068 cm”
the spectrum in contrast to the weak intensity of the 1068 cm
with very much decreased relative

polarization in the ring plane. The remaining three bands arise from the ring
stretching modes involving large displacements of a-carbons judged from the

13C-shifts. They also involve motions of p-hydrogen. Presumably, a

large
electron is taken out by a dopant in radical cation or two m electrons by two
dopants in dication and the remaining n electrons are delocalized within the
finite domains. As a result, the modes corresponding to the antisymmetric
and symmetric C=C stretches in neutral polymer would mix with the CHCH
stretch, the CS stretch, and the inter-ring CC stretch to yield the frequency
lowered bands.

The Raman spectra of as-prepared films with 457.9-514.5 nm excitation
are similar to one another and to those of the neutral films except the
followings. The intensities of the bands arising from the distorted parts (at
1177, 1157, 682, and 649 cm_l) relative to those from the trans parts (at 1224
and 696 cm-l) are stronger in the doped film than in the neutral one. The
frequency of the antisymmetric C=C stretch in the former is higher than that
in the latter. The symmetric C=C stretching frequency, on the other hand,
is lower in the former. These observations are interpreted as the rings near
the kinks remaining undoped in the film and giving the resonance Raman
spectra with these excitation wavelengths. Hence, the weak absorption in the
visible region arises mostly from these parts. The trans conjugated part is
mostly doped and absorbs the red-infrared light. Accordingly, the Raman
scattering from the doped part is hardly observed with the wviolet-green
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excitation. The 632.8 nm excited spectrum retains the spectral pattern of
neutral polymer although the strongest peak is shifted down to 1431 cm_l with
a shoulder at 1362 cm_l. The typical spectrum of doped polythiophene would
be that of the sample polymerized in the interlayer of Cu2+ -montmorillonite in

1

a dry atmosphere where the strongest peak lies at 1411 cm ~ with other peaks

at 1520, 1360, 1219, 1144, 1069, and 955 cm-1 [264].

IV. POLYPYRROLE

Conducting polypyrrole films are obtained by electrochemical oxidative
polymerization of pyrrole in organic electrolyte solution [192,193,198, 266-277]
and aqueous electrolyte solution [278-288]. They are doped with the
electrolyte anions (BF4_, 0104-, p-toluenesulphonate anion, etc.) and the
dopant concentrations are 25-32 mol% per pyrrole unit for BF4 -doped films
[265-267,271] and 23-38 mol% for 0104-—doped ones [192,193,270,271,276,277].
As-polymerized doped films become insulating upon electrochemical reduction
[270,289] and the undoped films are unstable in air. The films prepared in
4 at -20°C can be
stretched 2.2 times the original length and the conductivity in the direction
of stretch is raised from 300 to 1005 Scm_1 [276,277]. The highest

conductivity among the films prepared in aqueous solution is 500 Scm_1

propylene carbonate containing 1% water and Et4NCIO

[281,282]. The conductivity of doped film decreases over four orders of
magnitude on treatment with strong alkalis and it is recovered upon treatment
with proton acids [290]. Neutral polypyrrole films can be redoped electro-
chemically or chemically [270]. Substituted pyrroles [198,268,271,272,275,
279,291,292] and 2,2'-bipyrrole [293] are also used as the starting material of
electrochemical polymerization . Poly(1-methyl-2,5-pyrrolylene) was
synthesized by coupling of the Grignard reagent of 1-methyl-2,5-
dibromopyrrole and the conductivity of the doped polymers was low [294].
Composites of polypyrrole and other polymers (poly(vinyl chloride),
poly(vinyl alcohol), latexes, etc.) have been obtained [295-300].

For the as-polymerized films prepared in organic solvents, the floating
and apparent densities are 1.37-1.58 [266,267,271,280,282] and 0.26-0.37
[280] g’cm-g, respectively. On the other hand, for some films prepared in
aqueous electrolytes, floating densities (1.364-1.558 gcm_l) are close to the
apparent densities and thus these films are dense [280,283]. The morphology
of as-polymerized films is granular with small differences [192,193,267,271,
280,283] and no fibrillar structure has been observed. The degree of poly-
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merization of poly(3,4-dimethylpyrrole) was 100-1000 by the 3H labeling
method [301,302].

A monoclinic structure (a = 8.2, b = 7.35, ¢ = 6.82 Ao, and B = 117°)
has been proposed for neutral polypyrrole from the analysis of electron
diffraction [272]. According to 13
predominantly through o,a'-coupling [232,270]. An infrared study on neutral

C NMR studies, the polymerization proceeds

polypyrrole and oligomers (2,2'-bipyrrole and 2,2':5',2"-terpyrrole) has
suggested that neutral polypyrrole has a planar all-trans structure [302,303].
3C—substituted and
C-deuterated derivatives are consistent with this structure [304]. Neutral

Raman results of neutral polypyrrole and its 2,5—1

polypyrrole and poly(3,4-dimethylpyrrole) give a m-n* transition at 387-412 nm
[270,305,306] and 387 nm [307], respectively.

X-ray and electron diffraction studies have shown that as-polymerized
doped polypyrrole is amorphous [266,267,276-278]. The chain structure of
doped polypyrrole has been studied by optical absorption [267-270,306,
308-312], ESR [270,277,308,311,313-316], NMR [232,270], infrared [192,
268,270,277,279,289,317,318], and Raman [268,277,304,317,319,320]
spectroscopy and quantumchemical calculations [248,321,322]. ESR and optical
absorption observations on doped polypyrrole have indicated the formation of
radical cation and dication [306,309-316]. However, the assignments of the
optical spectra were controversial [306,309,311,312]. Their assignments have
been possible on the basis of the resonance Raman spectral dependences on
undoping processes and excitation wavelengths [304]. Raman spectra of
doped polypyrrole and its 2,5—130—substituted and C-deuterated analogs [304]
and theoretical calculations [248,321,322] indicated that the molecular
structure changes from an aromatic structure to quinoid-like structures upon

doping.

A. Optical Absorption Spectra

Figure 39 shows absorption spectra of a 0104_—doped film on an ITO
electrode at as-polymerized state [DPP(CIO4 )] (Fig. 39a) and at different
stages of electrochemical reduction (Figs. 39b-f; 39f is the spectrum of almost
completely reduced 'neutral' polypyrrole, NPP). As reduction proceeds, the
peak of the visible band (B-band) shifts from 462 nm to longer wavelengths.
The intensity first increases a little and then decreases substantially. The
intensity of the near-infrared band (C-band) decreases monotonically. A
band is observed around 350 nm (A-band) in Fig. 39c¢c and it exhibits
bathochromic shifts towards 412 nm on further reduction with concomitant

increases in intensity. A-band arises from the n-m¥ transitions in the neutral



CONJUGATED AND CONDUCTING POLYMERS 427

o
o

Absorbance

00 1 1 1 1 1
’ 400 500 600 700 800
Wavelength/nm

FIG. 39. Dependence of absorption spectrum of ClO, -doped polypyrrole
[DPP(CIO4 )] on the reduction potential. (a) DPP (ClO, ) prepared at a
voltage of 3.5 V versus counter electrode, (b) the same film with a lowered
potential of 2.8 V, (¢) 2.5 V, (d) 2.2 V, (e) 2.0V, and (f) 1.6 V (neutral
polypyrrole, NPP). The doping level decreases in alphabetical order. Used
by permission, Ref. [304].

parts of the polymer since 2,2'-bipyrrole and 2,2':5',2"-terpyrrole give such
peaks at 285 and 345 nm, respectively [305]. The bathochromic shift of
A-band has been explained as a result of elongation of the successive neutral
part in the polymer in the course of reduction [304,306]. Thus, the band

shape and J\m of A-band give information on the contents of various con-

jugated segmer?t}; in the neutral part of the polymers.

The origin of B- and C-bands are of particular interest in relation to
the structure of the doped part. Scott et al. [311] and Brédas et al. [309]
have attributed the both bands to dication (at high doping levels) and radical
cation (at low doping levels). Genies and Pernaut [312] have observed two
bands at 540 and 440 nm and assigned the former to radical cation and the
latter to radical cation and dication.

A simple-minded interpretation of the monotonical decrease of the C-band
intensity upon reduction is that the band arises mostly from one species and
the content decreases monotonically. On the other hand, the complex
behavior of the B-band during the reduction strongly indicates the presence
of species other than those that give rise to C-band. Between the two
possible species reported to exist in the doped polymer, the content of dica-
tion would be relatively high at high doping levels [309,311]. According to
Furukawa et al. C-band is mainly contributed by dications and B-band is an
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FIG. 40. Raman spectra of
as-polymerized Cl04 -doped

polypyrrole [DPP(CIO4 )]
and films at various stages of
electrochemical reduction.

(a)-(f) 632.8 nm, 80K; and
(g) 457.9 nm, 8O0K. (a)
DPP(CIO4 ), (b) 2.8 V, (c)
2.5V, (d) 2.2V, (e) 2.0V,
(f) 1.6 vV (NPP), and (g)
1.6 V (NPP). Each spectrum
was measured for a different
sample. Used by permission,
Ref. [304].
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overlap of the bands of radical cations plus the short-wavelength contour of
C-band. The spectral behavior during the reduction has been explained as a

result of dications » neutral form processes [304].

B. Raman Spectral Dependence on Reduction Potential

Raman spectra with 632.8-457.9 nm excitation have been studied at
conditions similar to those at which the optical spectra were recorded [304].
The 632.8 nm spectra are in resonance with both B- and C-bands and
disappearance of some bands at the early stages of reduction concomitant with
the decrease of the C-band intensity is noticed: those at 1580, 1369, 1337,
1229, 1082, and 931 cm !
slightly different for different samples indicating that the compositions of the

(Fig. 40). The frequencies and intensity are

species giving rise to C-band vary from sample to sample. The spectral
pattern of the remaining bands which changes depending on the stage of
reduction is different from that of neutral polymer with 457.9 nm excitation in

resonance with A-band (Fig. 40g). The bands of the former group have
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been assigned to dications and those of the latter to radical cations with
different segment lengths [304]. In this way the optical and Raman spectra

are consistently understood.

C. Structure of Radical Cation and Dication

13C- and

N-analogs would

The mode assignments have been made on the basis of 2,5-
C-deuteration shifts (Table 7). The data of 3,4-130- and 15
make the assignments more specified. By tracing back the spectral pattern
from the neutral state to the as-polymerized one, it is possible to assign the
bands belonging to the Ag species which are dominant in the resonance Raman
spectra of neutral polymers. Some bands characteristic of the doped species
do not arise from the ungerade modes which might have become active due to
possible symmetry lowering by doping, because the mutual exclusion rule
holds generally for the Raman and infrared spectra of doped polymers. They

are assigned to the B modes which become enhanced through vibronic

coupling between the exciltgd electronic states in each of the cationic species.
Some comments can be made on the structures of radical cation and

dication. The deuteration downshift of vy is only 3 cm_l in the neutral form

indicating almost null contribution from \)(0304) to this mode. The shift

. -1
increases to 9 cm

in radical cation and 18 crn—1 in dication showing
increased contribution from \>(C304). The frequency also increases in the
same order, which seems to arise from the increased force constant of 0304
bond by the doping. The Ve frequency also is upshifted in cations. On the
other hand, the other ring vibrations, Vg and v, are downshifted, implying
that the force constants of the other bonds in the ring are decreased by the
doping. Even the pure CH bending, Ve is affected by the doping. The
structure in dication is more distorted than that in radical cation, judging
from the changes in frequencies and the modes. However, the changes are

much less significant than those in polyacetylene (Sec. II.C).

V. POLYANILINE

Among various conducting polymers, polyaniline is the first material that
has been commercialized (September, 1987); it is used as the cathode of a
secondary lithium battery. It can be prepared by electrochemical or chemical

polymerization of aniline in aqueous acid solution. There are many forms of
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TABLE 7
Raman Bands of Neutral Polypyrrole (NPP) and Radical Cation and
Dication in Doped Polypyrrole (DPP), and the Assignments
vobs(Av(13C), Av(CD))? Assignmentb
NPP©
Ag Vg 1562 (-34, -3) \)(0203 sym) + v(inter-ring CC)
Vg 1526 (-34, -36) v(NC sym) + \)(C304)
Ve 1319 (-16, -42) v(inter-ring CC) + \)(C3C4)
Vg 1044 ( -4, -276) B(CH sym)
Vg 998 ( -8, -T) 8(ring)
Vg 38 (-, -) 6(skeletal)
B1g V11 634 (-, =) 6(ring)
DPP
Radical cationd
Ag Vg 1587 (-20, -9) V(Cng sym) + \)(C3C4) + v(inter-ring CC)
vy 1464 ( - , -13) v(NC sym) + \)(C304)
Vg 1346 (-39, -34) v(inter-ring CC) + v(0304)
Ve 1063 (-12, -287) B(CH sym)
vy 973 ( 0, -3) §(ring)
Blg Vg 1374 (-11, -9) v(NC anti)
vig 1285 ( -5, -57) B(CH anti) + pNH
Y1 622 ( 0, -59) 6(ring)
Dication®
Ag Vg 1593 (-25, -18) v(C3C4) + \>(CZC3 sym) + v(inter-ring CC)
Ve 1327 (-36, -) v(inter-ring CC)
Ve 1086 ( -3, -205) B(CH sym)
vy 933 ( 0, +14) 6(ring)
Big Vg 1376 (-23, - ) v(NC anti)
\)10 1236 ( -5, -60) B(CH anti) + BNH
vy 680 ( -, - 6(ring)

4peak frequency (frequency shift on 2,5-13

C-deuteration) in cm-1.

v, stretch; B, in-plane bend; 6, in-plane deform; sym, symmetric; anti,

antisymmetric
d457.9 nm excitation
e514.5 nm excitation
632.8 nm excitation

C-substitution, frequency shift on
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polyaniline with different electrical properties which are converted to each
other by acid/base treatments and/or oxidation/reduction in aqueous solution
[323-350]. The conductivity depends on pH and applied potential and a
window for high conductivity opens at (0.35 V, pH 1.0) [351].

As-polymerized bluish green sample (to be termed 2S5, see Fig. 41)
conducts electricity (5 Scm_l) [323-331,333-335,339-349] but it becomes
insulating by treatment with aqueous alkaline solution (2A, purple) [325-330,
333,334,337,339,341,343,347] or by electrochemical oxidation (purple) as well
as by reduction in aqueous acid solution (1S, greenish yellow) [331].
Reduced-alkali-treated polyaniline (1A, white) is insulating [327,332,350] and
unstable in air; its color changes to blue upon exposure to oxygen or air
[1A(02)] [350]. 2A becomes conducting upon iodine doping [336]. 1A doped
with electrolyte anions (doped 1A, bluish green) is obtained by electro-
chemical oxidation of 1A in non-aqueous electrolytes [352] and it is conductive
(5.8 Scm_l) [3850]. It has been shown that batteries using polyaniline
(especially 1A) have attractive characteristics [352-358].

Polyaniline 2S is smooth-surfaced, netlike, granular, or fibrillar (fibril
diameter, 600-4000 AO), depending on the polymerization conditions [359-363].
Molecular structure and reaction mechanism during acid/base treatments and
oxidation/reduction were studied by vibrational spectroscopy [327,328,330,
334-336,340,346,350,364-371], UV-VIS absorption [332,334,335,346,355,366-
368,370-377], CP-MAS-NMR [378-380], ESR [328,329,337,338,340,342,346,366,
377,381,382], XPS [340,383-386], and electrochemical method [326,327,331,
346,347,352,354,355,358-362,364,372-374,376,377,381,387-391] .

Resonance Raman spectroscopy is suited to the structural studies of this
multi-chromophore material. The infrared spectra give clear information
concerning the nitrogen moiety. Under acid conditions the polymerization
proceeds predominantly through head-to-tail coupling at N and C4 [334,364].
White 1A has been revealed to be poly(imino-1,4-phenylene) [(—NH-C6H4-)n,
see Fig. 42] which has UV absorption (<330 nm) but no visible one [350,366].
The spectroscopic basis of the structures of 1A and other forms is given in
Fig. 43. (This figure is to be referred to in the following subsections.) 18
consists of imino-1,4-phenylene (IP) wunit and its salt (IP+) unit
(-NH, A™-CgH,-, A”: anion) [350] absorbing at 305 nm [372,373]. 2A is
composed of IP unit and nitrilo-2,5-cyclohexadiene-1,4-diylidenenitrilo-1,4-
phenylene (NP) unit (-N=CGH4=N—CGH4—) [332,334,378,379]. The quinone
diimine structure (—N=C6H4=N—) in NP has a broad absorption in the visible
region and the reported wavelengths are between 580 and 632 nm [332,334,
346,367,375]. Treatment of 1A with oxygen converts part of consecutive IP
units to NP unit [350]. IP, IP" and the radical cation of IP (IP'
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15 =
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(d) _” g

HARADA and FURUKAWA

FIG. 41. Various forms of poly-
aniline. Adapted from Ref. [350].

FIG. 42. Constitution units of
polyanilines. (a) Imino-1,4-
phenylene (IP), b) imino-1,4-
phenylene salt (IP ), (c) nitrilo-
2,5-cyclohexadiene-1,4-diylidene-
nitrilo-1,4-phenylene (NP), and
(d) radical ca_;ion of _imino-1,4-
phenylene (IP ). A : anion.
Adapted from Ref. [350].
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semiquinone radical cation) exist in conducting 2S [334,350,386]. The broad
absorption of 2S at 780 nm is due to IP+. [334,350] to which the high
conductivity is attributed [335,337,338,340,342,347,348,350,392,393] .
Conducting doped 1A consists of IP and 1p*’ [350].

The decrease of conductivity on electrochemical oxidation of 2S has been
attributed to the formation of quinone diimine [347,361] and degradation
[347,361,374]. An absorption which appears at 800 nm during electrochemical
reduction of 2A in phthalate buffer (pH 5.9) has been assigned to radical
cations in relation to the concomitant increase of conductivity [332]. Cyclic
voltamograms may be analyzed on models including the structures mentioned
above [361,373,376,377,387,388].

Abbreviations of the names of model compounds which appear in the
following are: BBB, N,N'-diphenyl-1,4-benzenediamine, C6H5-NH-CGH4—NH-
CGHS; BBB-2HCI1, N,N'-diphenyl-1,4-benzene-diamine dihydrochloride; BBB+',
semiquinone radical cation of BBB; BQB, N,N'-2,5-cyclohexadiene-1,4-

H5—N=CGH4=N-C H

diylidenebisbenzenamine, C 65

6

A. Reduced-Alkali-Treated Polyaniline (1A), (-NH—C€5H4-)n

The Raman and infrared spectra of polyaniline and 15N-substituted and
C-deuterated analogs in various forms have been studied [334,350]. The
Raman spectral pattern of white 1A does not vary with the excitation wave-
length and is interpreted as that of p-disubstituted benzene (Fig. 44a). The
infrared spectra are consistently explained: e.g., the band at 811 cm—1 (711
Cm—1 in the deuterated analog) is characteristic of p-substitution (Fig. 45a).
The CH out-of-plane bend of the monosubstituted benzene ring is not
observed indicating absence of oligomers (phenyl capped octamer gives the
band of an appreciable intensity). The rings are mostly coupled at C4 and N
position (head-to-tail coupling) because the C=N stretching Raman band is
very strong for 2A (see below) and the corresponding C-N stretching band in
1A is observed at 1221 cm_l. The infrared bands at 3386 and 3025 cm_1 are
definitely assigned to the NH and CH stretches on the basis of -10 cm“l
15N—shift of the former and -776 cm_1 D-shift of the latter. Accordingly, 1A
is &-<-NH_CSH4-)n' It is interesting to note that all the NH groups are
involved in H-bondings most of which are similar in strength. An important
implication of this is that each nitrogen atom in a polymer chain is located at
a certain short distance from a nitrogen or a benzene ring in a neighboring
polymer to form an H-bond chain. Such close contacts of chains are

considered to be important for charge transport in the conducting forms.
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FIG. 44. Raman spectra of
various forms of  polyaniline
(80K). (a) 1A (488.0 nm), (b)
1S (488.0 nm), (c) 2A (488.0
nm), (d) 1A(O,) (488.0 nm), (e)
doped 1A (514.5 nm), and (f) 2S
(514.5 nm).
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B. Acid-Treated 1A (1S5)

Raman and infrared spectral patterns of 1S in the range below 1800 cm_1

are similar to those of 1A, although the peak frequencies are more or less
different (Figs. 44b and 45b). A remarkable difference is observed in the
high frequency infrared region. The broad band with two or three peaks in
the 3400-3100 cm“1 region due to H-bonded NH stretches of C6H4—NH-CGH4—
groups indicates a difference in H-bonding between 1A and 1S. A large num-
ber of -NH- groups become strongly H-bonded by the acid treatment, because
the absorbance at 3386 cm—1 is smaller than those of lower frequency NH
stretching bands. Moreover, the bands ranging from 3000 to 2200 cm_1 are
assigned to the vibrations associated with the NH2+ part in —CGH4—NH;-CGH4—
groups [350,394]. Thus, 1S consists of IP unit and its salt unit (IP+).
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FIG. 45. Infrared spectra of various forms of polyaniline (room tempera-
ture). (a) 1A, (b) 18, (c) 2A, (d) 1A(O,), (e) doped 1A, and (f) 28.

The degree of protonation depends on acids, because shapes of the bands
due to -NH- and -NH2+- groups are different for the acids used [350].

C. Alkali-Treated Polyaniline (2A)

1. Presence of Quinone Diimine and p-Disubstituted Benzene Structures

Of the two absorptions at 326 and 632 nm the latter arises from the
quinone diimine part and the former from 'perturbed' p-disubstituted benzene
[350] (see below). This became clear through analysis of the resonance
Raman spectra [334]. The strongest peak at 1471 cm_1 in the 632.8 nm
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FIG. 46. Raman spectra of (a) alkali-treated polyaniline film prepared
electrochemically on a Pt electrode [2A(Pt), 632.8 nm], (b) !5N-substituted
analog [2AN(Pt), 632.8 nm], (c) C-deuterated analog [2AD(Pt), 632.8 nm],
(d) BQB (solid, 457.9 nm), and (e) 2A(Pt) (457.9 nm). Adapted from Ref.
[334].

excited spectrum (Fig. 46a) is assigned to a mixed mode of the C=N stretch
and the C=C stretch (to be termed vQ) in the quinone diimine (-N=C6H4=N—)
part on the basis of the isotopic shifts and the data of model compounds (Fig.
46 and Table 8). Hence, the polymerization proceeds predominantly through
head-to-tail coupling. The peaks at 1614, 1595, 1558, 1162, 879, 817, 628,
and 606 cm_1 which gain intensities with 457.9 nm excitation (Fig. 46e) owing
to pre-resonance with the 326 nm absorption are assigned to perturbed
benzene in the vicinity of quinone diimine.

The \)Q frequency has been found to be sensitive to the sequence

1 in BQB (Fig. 46d, A___ at

consisting of NP and IP _units. It is 1521 cm A
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TABLE 8

Raman CN Stretching Frequencies (in cm_l) of
Polyanilines and Model Compounds

Compounds VoN
(a) Aromatic amines and their hydrochlorides

N-phenylbenzenamine HCI 1200%
N,N'-Diphenyl-1,4-benzenediamine (BBB) 12192
N-Phenylbenzenamine 1219b
N,N'-Diphenyl-1,4-benzenediamine 2HCl (BBB-2HC1) 12202
1A 12212
1A(0,) 12212
2A 1222°
1S(HCI) 12392
Doped 1A 12512
28 12632

(b) Radical cations

Doped 1A 1312-13202
25 1324-1344°
Radical cation of BBB (BBB+') 1383 and/or 14012

(c) Quinone diimines

1A(0y) 14722
2A 1471-1485°
N,N'-2,5-Cyclohexadiene-1,4- 1521°¢

diylidenebisbenzenamine (BQB)

ERef. [350].
oRef. [395].
Ref. [334].

447 nm). In 2A it is 1471 cm_1 with 632.8 nm excitation and increases as the
excitation wavelength decreases: 1475 cm_1 (514.5 nm), 1479 cm_1 (488.0
nm), and 1485 cm_1 (457.9 nm). The broad band width is explained by an
overlap of bands with different peak frequencies and excitation profiles. The
isotopic shifts also increase as the excitation wavelength decreases: the 15N—
and D-shifts are; -13 and -9 cm-1 (632.8 nm); -13 and -16 cm_l (514.5 nm);
-17 and -24 Crn—1 (488.0 nm); and -23 and -19 cm_1 (457.9 nm). A study on
phenyl capped octamer [396] indicates that the absorption maximum shifts to a
shorter wavelength as the content of quinone diimine increases, which implies

that the vQ frequency is high for a segment with a small number of p-disub-
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stituted benzene rings between quinone diimine rings! The relation must be
studied further.

Among the Raman bands of simple p-disubstituted benzenes the 1595
cm_1 band (mode 8b) is usually very weak in non-resonant Raman spectra.
It is strong in the Raman spectra in resonance with the La transition (~220
nm) [397-399]. Accordingly, if we assume that the 326 nm peak of 2A

corresponds to the allowed transition (B 190 nm) and its long-

!
wavelength shoulder to the forbidden transaili,i}gns (La, ~ 200 nm; Lb ~ 270
nm), the enhancement of the 1595 cm_1 band is reasonably understood. Such
a bathochromic shift is possible in the p-disubstituted benzene part in NP and
in the IP part adjacent to NP. We may call these rings 'perturbed benzene'
rings. The vibration arising from an inner part of (IP)y would be weak like

that in 1A and 1S.

2. Relation Between Structure and Synthetic Conditions

Figure 47 shows the Raman spectra of polyaniline 2A prepared under
different conditions and emeraldine (supposed to be octamer). The spectrum
of 2A via 2S prepared on Pt electrode (2A(Pt), Fig. 47a) is similar to that
polymerized chemically (2A(chem), Fig. 47b). It is interesting to note that
the VQ frequency of 2A(chem) is higher than that of 2A(Pt) by 10 cm_l,
This implies that the relative amounts and distributions of NP and IP are
slightly different between the two. The infrared spectra are less sensitive to
such small differences and are identical to each other.

The peak frequencies in the emeraldine spectrum (Fig. 47d) are also
similar to those of 2A(Pt) and 2A(chem). However, the 1599 cm_1

relatively strong. Since the Raman bands arising from quinone diimine and

band is

perturbed benzene are both observed with 457.9-514.5 nm excitation, even a
slight difference in compositions among the samples can be detected by the
intensity ratio of the bands at 1480 and 1590 cm_l. The ratio, 11490/11590,
in the 488.0 nm spectra is between 1.25 and 0.76. The value is largest for
2A(Pt) and 2A(chem) and becomes smaller for emeraldine and 2A(HOPG) (24
prepared electrochemically on highly oriented pyrolytic graphite) in that
order. Such small differences are not detectable in the infrared spectra.

In the spectrum of 2A(HOPG), additional bands are observed at 1404,
1197, and 1141 cm ' (Fig. 47c). The 1404 cm ' band which shifts to 1366
crn_1 on 15N—substitution is certainly due to the N=N stretching vibration,
since the corresponding bands are observed at 1420 and 1356 cm_1 for methyl
orange and the 15N—substituted analogs, respectively [400]. The presence of
the N=N stretching band signifies that aniline is partly polymerized through
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FIG. 47. Raman spectra of 2A by
different synthetic  procedures
(488.0 nm, 80K). (a) 2A(PL),
(b) 2A  prepared  chemically
[2A(chem)], (c¢) 2A prepared
electrochemically on an HOPG
electrode [2A(HOPG)], and (d)
emeraldine  (solid). Used by
permission, Ref. [334].
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head-to-head coupling on the HOPG electrode. Since the infrared spectrum is
essentially the same as those of other samples, the amount of the N=N part is
estimated to be small. The strong Raman band is a result of the resonance
enhancement. On this basis, the amounts of head-to-head coupled part in
other samples are negligibly small, if any.

Three NH stretching bands are observed in the infrared spectra (Fig.
45c). The one at 3382 cm-1 is related to the NH groups which form H-bond
similar to those in 1A. The bands at 3254 and 3182 cm_1 indicate the
presence of stronger H-bonds presumably between the -NH- and -N= groups.

The results of elemental analysis show the absence of sulfur in 2A(Pt)

2_ does not take place in the sample.

indicating that doping of SO4
On the basis of the above mentioned observations the structure of
2A(Pt) and 2A(chem) has been concluded to be:

- ._(NP)X_(IP)Y_. —

D. 1A Treated with Oxygen [1A(O,)]

The color turns to blue when white 1A is exposed to air or oxygen.

This is because some —NHCSH4NH— parts are converted to -N=CSH4=N-. In
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fact, the Raman bands in Fig. 44d at 1596, 1553, 1472, 1164, 814, and 781
-1 s s . . . .
cm are characteristic of 2A (Fig. 44c). The relative intensity, 11480/11590
in this case), however, is smaller than that in 2A, indicating

(11472/11596
that the content of quinone diimine in 1A(02) is less than that in 2A.

In the infrared spectrum the area intensity of the NH stretching band
around 3380 cm—1 is 25% of that of 1A. The decrease of the NH stretching
intensity is reasonably understood because the formation of quinone diimine
from benzenoid is accompanied by loss of NH bonds. Furthermore, an
increase of the intensity of the 1598 cm—1 band relative to that of the 1497
cm-1 one as compared to that in 1A (Fig. 45a) is noticed. Since the former
band arises mainly from NP and the latter mainly from IP, the relative
intensity reflects the content of NP [335,350]. Thus the increase of
11598/11497 is also explained by the formation of quinone diimine structure by

exposure of 1A to oxygen.

E. 1A Oxidized in Non-Aqueous Solution (Doped 1A)

The Raman spectrum of doped 1A excited with the 457.9 nm light is that
of p-disubstituted benzene rings (Fig. 48a). In the polyanilines mentioned
above, p-disubstituted benzene exists as IP unit and/or 1P" unit. Since
protonation does mnot occur and p* unit cannot exist in non-aqueous
electrolytes, p-disubstituted benzene in doped 1A must take the form of IP.
An XPS study has shown the presence of IP and the absence of IP+ [386] .

When excited with the 514.5 nm light (Fig. 48c), new bands are
observed at 1586, 1490, 1320, 1257, and 1161 cm L.
different from those of 2A, 1A, 1S, and 1A(02). The Raman spectrum of

semiquinone radical cation of BBB (BBB+') with 632.8 nm excitation in

The spectrum is

resonance with a broad absorption around 710 nm [350] (Fig. 48d) is similar
to Fig. 48c except for a significant difference between the bands in the range
1300-1400 cm™': doped 1A, 1320 cm™); and BBB'', 1401 and 1383 cm l.
(The frequencies of these bands probably depend on the size of doped domain
where electrons are delocalized.) Thus, semiquinone radical cations of IP
(IP+.) are formed in doped 1A, which is consistent with the results of ESR
[366], electronic absorption [366], and XPS [386] studies.

When doped 1A is washed with sodium hydroxide solution, the band at
1320 cm_l disappears and a band at 1480 cm_1 (\)Q) appears with 514.5 nm
excitation. Hence, the semiquinone radical is converted to quinone diimine by

treatment with sodium hydroxide.



442 HARADA and FURUKAWA

wn
ao e
)
L FIG. 48. Raman spectra of doped
L 1A and BBB+-. (a)-(c) Doped
B © 1A. (1A film was oxidized elec-
bg =2} trochemically at 3.8 V in propyl-
= = ene carbonate containing LiBF4.)
N (d) BBB+: in methanol. Excita-
® o & tion wavelengths are (a) 457.9
=k T nm, (b) 488.0 nm, (c) 514.5 nm,
and (d) 632.8 nm. The bands
E‘ o e [“Jrithd bX are QUe ’cof mztl(l)anol.
:L_; C ©w o g s sed by permission, Ref. [350].
1= CONR =
— |

"1600 1400 1200 1000

WGvenumber/cm'1

F. As-Polymerized Polyaniline (2S)

The infrared spectrum of 2S is essentially the same as that of doped 1A
(Figs. 45e and f) except that the infrared NH stretching regions can not be
compared because of strong background absorption. However, the XPS
spectra indicate the presence of IP and 1P in 2S and the absence of 1P* in
doped 1A [386]. The Raman spectra are also substantially similar to each
other with some minor differences in peak frequencies (Figs. 44e and f) and
the intensity dependence on excitation wavelengths. The doublet at 1344 and
1324 cm_1 show the largest and the second largest 15N—shifts of -6 and -4

cm ~, respectively, which are much smaller than the corresponding shift
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of VQ in 2A, -13 cm_l. This 1is interpreted as a result of electron

delocalization around the nitrogen atom. The elimination of an electron from
the lone pair of nitrogen makes the remaining electron delocalized. Probably,
the CNC part in 2S corresponding to the 'C=N-C' part of 2A is nearly
L bands are almost the

symmetric CNC stretching vibrations. The presence of two peaks indicates

symmetric in bond order and the 1344-1324 cm’

that there exists at least two slightly different structures in 2S. In doped
1A the 1320 cm-1 peak is much stronger than the higher frequency one.

The Raman peaks around 1513-1484 cm-l in 28 (Fig. 44f) are not related
to v. but originate from the ring vibrations because of the small 15N-shi.fts
(1 cm_l) and large D-shifts (37-61 cm_l).

G. Relation Between Structure and Electrical Conductivity

Polyaniline shows three types of conductor/insulator transitions: 2S/2A,
253/1S, and doped 1A/1A. Structural changes accompanying such transitions
are the following.

Conducting 2S is converted to insulating 2A by alkali treatment and 2A
is reversibly converted to 2S by acid treatment. As mentioned above, 2S
consists of IP, IP+, and 2 and 2A consists of IP and NP. Two p-1p*"
units of 2S are considered to be converted to one NP and one IP-IP by
disproportionation reaction similar to the case of BBB [401,402]. An example
of such a reaction is shown in Fig. 49a. Disproportionation may take place
between IP-IP'''s on the same chain [337,338]. Those on the adjacent
polymer chains also are possibly involved in the reaction because the chains
are associated through H-bonding. 1P is simply converted to IP (Fig. 49a).

2S is also converted to insulating 1S upon electrochemical reduction and
1S is reversed to 2S by oxidation. 1S consists of IP and 1P’ Thus, p*’
units are reduced to IP and IP' as shown in Fig. 49b [361, 373]. The
structural change during reduction of 2S has been studied by Raman
spectroscopy [334]. Concomitant decreases and increases in intensity of the
IP+. bands and IP and IP' bands, respectively, are observed as the
reduction proceeds (Fig. 50) [350]. The electrical conductivity also
decreases during the process.

Insulating 1A is converted to doped 1A by electrochemical oxidation in
non-aqueous solution and the process also is reversible. In the oxidation
process IP is transformed to it (Fig. 49c).

The presence of IP*" is characteristic of conducting doped 1A and 2S.

Accordingly, the semiquinone radical cations play the decisive role in
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FIG. 49. Reaction schemes

of conductor/insulator transi-

tions. (a) 2S5 % 2A, (b)
25 # 1S, and (c) doped_
1Az 1A. A , gnion; e ,
electron; and H , proton.
Used by permission, Ref.
[350].

FIG. 50. In situ Raman
spectra (514.5 nm) at various
stages of reduction (pH 1).
(a) As-polymerized 2S(Pt),
0.4 versus the reference
electrode; (b) 0.2 V; (c) 0.0
V; and (d) -0.3 V [1S(Pt)].
The band with x is due to
HSO,- ion in solution. Used
by permission, Ref. [334].
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electrical conduction in polyaniline. The charge delocalization extends to the
neighboring benzene rings, because vibrations of distorted benzene rings are
observed in the 514.5 nm spectra. This delocalization of an electron makes
the charge transport within a chain possible. On the other hand, much less
disturbed benzene rings which give the 457.9 nm spectra similar to those of
1A and 1S, would tend to terminate the intra-chain charge transport. It is
tempting to consider that the inter-chain charge transport is facilitated by
the closely connected nitrogen-nitrogen or nitrogen-benzene ring networks
whose presence is evident (at least in insulating 1A, 1S, and 2A) by the
H-bonded NH stretching infrared bands.

VI. OTHER POLYMERS

A. Polypara-phenylene

Neutral polypara -phenylene (PPP) is prepared by oxidative -cationic
polymerization of benzene in the presence of aluminum chloride-cupric chloride
catalyst (Kovacic method) [403-405], by polycondensation of p-dihalobenzenes
via dehalogenation with magnesium in the presence of nickel compounds
catalyst [406,407] (Yamamoto method), by electrochemical polymerization of
benzene [408,409], etc. Neutral PPP is insulating [410,411] and becomes
conducting (o = 500 Scm_l) upon doping with AsF5 [411]. However, it can
not be doped with iodine because of its rather high ionization potential. It
can be doped with alkali metals to give 7 Scm-1 [411]. Prolonged exposure of
p-phenylene oligomers (biphenyl, p-terphenyl, p-quaterphenyl,
p-quinoquephenyl, p-sexiphenyl) to AsF5 causes polymerization of the
oligomers to give highly conducting doped PPP [412].

An X-ray diffraction study showed an increase in crystallinity of
Kovacic's neutral PPP by an increase in molding or annealing temperature
[413]. Although the crystal structure was studied by X-ray [413] and
electron diffraction [414], unequivocal unit cell constants were not obtained
because of the low crystallinity. Neutral polymers show an absorption at
about 380 nm (Kovacic PPP) [415,416]. In the infrared spectrum the bands
in the 802-807 cm_1 range are assigned to the CH out-of-plane bend in
p-disubstituted benzene and the bands around 758-765 and 690-697 em™! to
those in monosubstituted benzene [404]. The intensity ratio of these bands
has been used as a measure of molecular weight [404]. The chain length of
Yamamoto PPP is shorter than that of Kovacic PPP on the basis of the
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ultraviolet and infrared observations [417]. Three Raman bands of PPP
around 1600, 1280, and 1220 cm_1 [418-424] have been assigned to a ring
stretch, the inter-ring stretch, and a CH in-plane bend, respectively
[420,421]. The ratio of the intensity at 1270 cm_l to that at 1220 cm-1
decreases as the number of phenyl rings increases [418]. Calculations of the
vibrational frequencies were performed [423-428].

Magnetic susceptibility measurements [429,430] of Ast—doped PPP
suggested the presence of dication. In the Raman spectrum of AsF5-doped
PPP new bands are observed at 1355 and 1244 cm—1 with 514.5 and 647.1 nm
excitation, indicating modification of polymer chain structure [423,424].
These bands correspond to the bands at 1280 and 1220 cm_1 in neutral PPP
and the upshift of inter-ring CC stretching frequency upon doping suggests
an increase in bond order of the inter-ring CC bonds. Ast—doped PPP
gives broad infrared bands at 1530, 1280, 1180, and 980 cm_1 [412].

B. Polypara-phenylenesulfide

Polypara-phenylenesulfide (PPS) becomes conducting (1-10 Scm—l) when
doped with AsF5 [431-435]. Raman and infrared spectra of neutral PPS have
been reported [435]. The g values obtained from ESR spectra indicated the
presence of sulfur radical cations in electron acceptor doped PPS [436].
Heavy doping with ASF5 induces the formation of C-C bonds bridging the
sulfur linkages to result in thiophene rings as demonstrated by elemental
analysis and infrared spectra [433]. The infrared [433,435] and Raman [435]
spectra of AsFS—doped PPS have been reported.

C. Polypara-phenylenevinylene

Polypara-phenylenevinylene (PPV) was prepared in film via pyrolysis of
a precursor polymer (in the form of water soluble sulfonium salt) [437,438].
By stretching the precursor polymer under heat, highly oriented films can be
obtained. The film stretched up to ten fold showed a high conductivity (2.8
X 103 Scm-l) upon AsF5
investigate the conditions for the transformation reaction from the precursor
to PPV [439]. The dichroic ratio (AH /A ) of the phenyl group vibration at
1520 cm_l was used as an index of the orientation ratio [440].
Photoexcitation in PPV was studied [441].

doping [437]. Infrared spectroscopy was used to



CONJUGATED AND CONDUCTING POLYMERS 447

V3

[\1)
&
(2]

FIG. 51. Raman spectra of
trans-polyacetylene films
(457.9 nm, 80K). (a) Shiny
side of Film A', (b) dull side
of Film A', (c) shiny side of
Film B', and (d) dull side of
Film B'. Adapted from Ref.
[157].

Intensity
o
o

1

1500 1000 1500
Wavenumber/cm™ 1

1

1000

VII. CONCLUDING REMARKS

A decade has past since the first discovery of high electrical conduction
of doped polyacetylene. A number of conjugated or n-electron rich polymers
have been prepared and the physico-chemical properties including electrical
conductivity were studied. Many contradicting conclusions have been
obtained and discussed vigorously. It has become a common understanding
that the physico-chemical properties of these polymers depend very much on
the synthetic condition and the treatment after the synthesis. The difference
in the vibrational spectra of Film A and Film B (Fig. 2) is one of the
examples. The last figure in this chapter is again concerned with Film A’
and Film B' (Fig. 51). In the figure are shown the Raman spectra of both
sides of the films, i.e., shiny side which has been in contact with the inside
wall of a polymerization flask and the other dull side. Apparently, the
spectra of the shiny side are consistent with the infrared observation that the
content of long segments in Film A is higher than that in Film B. The
spectra of the dull side are not much different between the two. It has
turned out that the electrical property is closely related to the spectral
pattern of the shiny side but not to that of the dull side. If a group of
scientists study the correlation on the data of the shiny side, another group
on the data of the dull side, and the third group on random data of both
sides, three contradicting conclusions will be derived. Actually, this had
been done by our group before we noticed the situation. If one is going to
compare different physico-chemical properties, it is strongly recommended to
study the properties on the same sample or on the different parts of one
sample with care. Some of the contradictory results mentioned in the texts
may have originated from the difference in the samples.
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On the other hand, the above description indicates that vibrational
spectroscopy is a powerful tool in discriminating subtle differences among the
samples. Conducting polymers and their mother polymers are often mixtures
of components absorbing UV-VIS-IR region. Resonance Raman spectroscopy
is suited for problems of this kind because it affords selective information on
the components with a proper choice of the light source. It is easy to
measure resonance Raman spectra in situ during the electrochemical
treatment. In the case of polyaniline this method has been routinely used to
check the sample degradation after repeated charge-discharge cycles.

In order to raise the value of electrical conductivity, it seems necessary
to increase the area of contact among the segments (fibrils). Abundance in
long conjugated segments is essentially important to raise intra-segment
conductivity and eventually the overall conductivity. However, high
electrical conduction is not the only goal of utilization of these polymers.
Polyaniline whose conductivity is at most 30 Scm_l, is practically used
because of its long lasting stability and a small self-discharge rate. There
are various prospects for conducting polymers, and vibrational spectroscopy
is expected to play an important role in basic research and applications.

Since the completion of this review, several later review articles have
appeared and are added as Refs. [442-445].
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